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Abstract 
Nanocrystalline cellulose (NCC) is a colloidal-sized rigid rod. When prepared from hydrolysis 
of natural cellulosic materials in sulphuric acid, NCC is negatively charged due to the 
presence of surface sulphate groups, which enables it to form stable suspensions in water. 
These charged colloidal rods exhibit complex colloidal phase behaviours in aqueous 
suspension that are dependent on volume fraction and interparticle forces. The cholesteric 
liquid crystal phase and gel/soft-glassy phase are of significant interest because they have 
an ordered structure and allow solid-like response at relatively low solids fraction, 
respectively. These attributes are potentially beneficial to the fabrication of materials with 
designed anisotropy and rheology, and NCC is thus a promising nanomaterial for use in 
templating, biomimicry, composites and rheological control. However, a major shortcoming 
in the literature is that the full complexity of phase transitions, anisotropy and rheology of 
aqueous NCC suspensions has not been captured across a wide range of concentrations 
and solution environments. In addition, the dimensions and morphology of NCC particles 
vary significantly with the type of raw material (e.g. wood, cotton, algae, and bacteria) and 
manufacturing process, which causes inconsistencies in suspension rheology and colloidal 
behaviours reported between different works. This has led to empirical descriptions of 
structure-property relationships for individual NCC systems, and the inability to provide 
quantitative comparisons across the literature or predict behaviours of NCC suspensions 
under practical conditions. The goal of this thesis is to address these shortcomings and 
provide a comprehensive phase diagram for NCC suspensions, whilst generalising 
behaviours of NCC suspensions independent of their source.  
Rheology is used to map the phase properties and boundaries across a wide compositional 
range via incremental increases in concentration of sulphonated NCC (1 to 11.9 wt%) and 
ionic strength (0-1000 mM NaCl). This range in ionic strength is suitable to vary the 
interparticle forces between NCC colloids from repulsive to attractive. A key hypothesis is 
that these two parameters (NCC concentration and interparticle forces) are sufficient to 
describe the complex phase behaviours anticipated within suspensions formulated using 
NCC that is obtained from different sources or extraction methods. Rheological 
characterisation provided a routine method to define the nature of each phase, which 
included characterisation of linear viscoelasticity and steady shear flow curves as well as 
methods capturing dependency of time and shear-history (e.g. creep, yielding, thixotropy). 
In addition, dynamic light scattering, optical and scanning electron microscopy, atomic force 
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microscopy and small angle x-ray scattering were used to assist in characterising and 
defining the microstructure of the multiple phases.  
This thesis reports the existence of, and the precise boundaries between, five phases that 
vary in their rheology and structure: viscous liquid, viscoelastic liquid, repulsive glass, 
attractive glass and gel. A key phase boundary is the liquid-solid transition that corresponds 
to gelation of the NCC suspension at critical values of ionic strength, and varies with NCC 
concentration. Gelation occurs when interparticle forces are attractive, and the time scale 
over which it occurs is dependent on the kinetics of aggregate growth and NCC 
concentration required to form a percolated network. It is found that the rheologically-
determined gelation point of NCC suspensions is quantitatively described by classical 
theories of colloidal stability, including those based on Smoluchowski’s colloidal aggregation 
model and the Derjaguin-Landau-Verwey-Overbeek (DLVO) approximation of interaction 
energy. Another liquid-solid transition that is characterised is the glass transition, which is 
dependent on the volume fraction occupied by NCC and its electrical double layer. 
Interparticle potential is thus shown to play an important role in determining the overall phase 
behaviour of NCC suspensions and rheology.  
NCC spontaneously assembles into an ordered liquid crystal phase at concentrations above 
a critical value and/or under certain solution environments. For conditions at which this liquid 
crystal ordering coincides with a liquid-solid transition, the competition between these two 
structural processes leads to complex phase behaviour. A hypothesis arising in this thesis 
was whether these two competing effects can be used to form soft materials with liquid 
crystal features. Indeed, detailed characterisation of the suspension birefringence and 
rheology near the liquid-solid transition revealed the discovery of a new class of anisotropic 
soft material. I term this phase a liquid crystal hydroglass (LCH), since it is found to have a 
biphasic structure consisting of an attractive glass matrix and a co-existing liquid crystal 
phase. This biphasic structure is explained by phase separation occurring in the liquid 
crystalline state at high ionic strength. Whilst the LCH has the characteristic linear 
viscoelastic properties of colloidal gels, its unique structure also permits reversible 
orientation of the colloidal rods in liquid crystalline phase by non-linear shear forces; i.e. 
alignment of NCC particles in LC phase is programmable. This thesis shows that the phase 
separation necessary to form LCH can be controlled by using different types of salt, which 
enables LCHs to be prepared in a broader compositional range and with a larger variety of 
mechanical and physical properties. 
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A key innovation in this thesis is the development of a generalised phase diagram for 
sulphonated NCC suspensions as function of ionic strength (interparticle forces) and 
dimensionless concentration, which accounts for the excluded volume of the colloidal rods 
with consideration of rod dimensions, electrical double layer and solids concentration. By 
plotting in this manner, I find that the phase transition points for NCCs obtained from many 
sources and laboratories converge onto a single-phase diagram.  
In conclusion, major findings in this thesis include generation of a comprehensive and 
generalised phase diagram, which goes well beyond current literature, and the discovery of 
the LCH as a new phase that is an anisotropic soft material. These findings are significant 
because they provide key knowledge and approaches for formulating NCC-based materials 
with tailored rheology and microstructure, including control over structural anisotropy. In 
particular, the LCH material has great potential for biomedical and biomimicry applications, 
since it enables the desired ability to control structural anisotropy within gel-like materials 
under aqueous physiological environments. The thesis outcomes are also relevant to a wide 
range of emerging applications targeting NCC as a renewable nanomaterial, including 
advanced composite materials, rheology-control, paper, and 3D printing. Future work should 
focus on further generalising the phase diagram by rationalising the specific ion effect using 
surface potential in combination with ionic strength. More importantly, future work should 
investigate the exciting potential of the LCH phase and explore conditions for its formation 
and methods with which to control its mechanical properties, as well as uncover its wider 
applicability to modified NCCs and other colloidal rods.  
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Chapter 1 
Introduction 
Nanocrystalline cellulose (NCC) is a crystalline cellulose colloid derived from plant or bacterial cell 
walls with attractive self-assembly behaviour and rheological properties in aqueous suspension due 
to its rigid rod morphology and surface chemistry. The use of NCC in different applications has been 
confounded by an incomplete understanding of the rheology across different concentrations and 
solution environments, and of the structure-property relationship of NCC from different sources. This 
thesis addresses this gap in knowledge by comprehensively evaluating the changes in rheology, 
anisotropy, and functional behaviour across a range of compositions and corresponding phase states. 
In doing so, this thesis provides fundamental insights into NCC behaviour and an overarching 
approach that can be applied to NCC from different sources. It is anticipated that this work will 
provide the foundation for use of NCC in a broader range of applications. 
1.1 Motivation 
Cellulosic material derived from natural plant mass as a classic type of renewable resource has 
regained attention from scientists and public after being used by humans for a few thousand years. 
Whereas there is an expanding number of literature in areas of properties, utilization and 
functionalisation of cellulosic materials, cellulose-based material is less competitive to modern 
synthetic polymers in terms of ability to be processed and variety of achievable mechanical/ physical 
properties. A typical example is that the intrinsic modulus of crystalline cellulose is higher than that 
of Kevlar fibre, however, there is not yet a comparable ultra-strong cellulosic material.  Despite that, 
crystalline cellulose material still has promising applications.  After being derived from plant mass in 
early studies on acidic hydrolysis of cellulose, e.g. by Nickerson & Habrle[1] and Battista[2], 
crystalline cellulose (as  microcrystalline cellulose, MCC) has been  widely used in “wet condition” 
i.e. aqueous dispersions, despite its intrinsic mechanical strength, in various applications such as 
paints, food, pharmaceuticals and drilling fluids. In these applications, MCC is, however, used as 
additive to achieve target rheology, deformation, flow or settling behaviour of process fluid by 
various means of interaction with primary particles dispersed in the fluid. With few exemptions like 
paper making, the cellulose-based structural or functional material is rarely realised and developed.  
Therefore, considering the unambiguous renewable and sustainable nature of cellulosic materials, the 
search for novel cellulose-based materials and structures remains enduringly attractive.  
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Nanocrystalline cellulose (NCC) is referred to by various terms in the literature including cellulose 
whisker (CW) and cellulose nanocrystal (CNC). NCC is obtained from controlled acidic hydrolysis 
of bulk cellulosic materials, recently considered as a potential candidate for an advanced structural 
and functional material. NCC rods are negatively charged with a high crystallinity and dimensions 
from hundreds of nanometres to few microns. Fundamental research interest on NCC arose initially 
due to its characteristic  lyotropic chiral nematic liquid crystallinity in aqueous suspension, as 
revealed by Revol et al. in 1992[3], and its superior reinforcing ability in composite material 
discovered by Favier et al. in 1995[4]. However, research on NCC dispersions did not progress 
significantly until the influential work of Shopsowitz et al. [5] in 2010, which used NCC as a template 
to introduce liquid crystallinity to silica particles. Shopsowitz et al. showed formation of a solid-state 
film with a chiral nematic ordering and interesting optical features. This work has opened up 
opportunities for fabricating advanced NCC-based materials with delicately tailored microstructures 
and mechanical/physical properties. The successful utilisation of NCC self-assembly to obtain 
complex structures, which can be otherwise difficult to achieve such as artificial tissues and 
superconductors, thus made NCC become a popular material with a broad research interests in liquid 
crystallinity, rheology, gelation, and surface modification as seen in review articles published in 
subsequent years[6-9].   
Whereas publications on NCC and its applications have vastly expanded since 2010, as shown in 
figure 1.1, only 27 articles in 2017 were related to colloidal aspects, which is less than 6% of total 
465 publications on NCC. It showed that colloidal properties of NCC have received significantly less 
attention compared to other subsets such as solid-state film and liquid crystallinity, despite their 
equally important role in characterising the overall performance of NCC-based materials. NCC 
aqueous suspension is a dispersion of charged colloidal rods in water, such that the liquid crystalline 
self-assembly and the hydrogel formation are colloidal processes. For example, the formation of NCC 
film involves a gradual increase in NCC volume fraction and a variation in inter-particle forces as 
particles approaching each other. This process is governed by classical theories in colloidal science 
such as colloidal dynamics, stability and phase behaviours that are not often referred to in studies on 
NCC. From existing studies, we are unable to appropriately characterise and precisely predict the 
structure and behaviour of a suspension consisting of NCC from different sources or at different 
conditions. This makes current applications of NCC suspensions confounded by an incomplete 
understanding of colloidal behaviours i.e. composition-structure-property relationship at a range of 
concentrations and solution environments (which determines inter-particle forces). Therefore, a 
comprehensive characterisation of NCC aqueous suspensions in terms of their colloidal nature is 
necessary for a complete understanding of underlying mechanisms of their anisotropy, 
microstructures and liquid-solid transitions. To study characteristic behaviour of various 
Introduction 
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isotropic/anisotropic, liquid/solid states and transitions between them will also benefit the 
development and application of NCC-based materials in general.  
 
Figure 1.1 Number of publications on NCC and its relevant topics. 
Data sourced from Scopus. Each category includes few related words and the publication is counted if one appears in 
title, abstract or key words: NCC (nanocrystalline cellulose, cellulose nanocrystal, cellulose whisker); film (film); 
liquid crystal (liquid crystal/crystalline/crystallinity, chiral nematic, cholesteric, lyotropic); rheology 
(rheology/rheological, thixotropy/thixotropic, shear, viscoelastic/ viscoelasticity); gel (gel, hydrogel, gelation); colloid 
(colloid/colloidal, stable/stability, DLVO, aggregation). 
Rheology is an important part of studies on colloidal suspensions. In the early history of colloidal 
science, rheology was widely used to probe particle association, packing, and dynamics in terms of 
an understanding of microstructures and properties of colloidal systems, e.g. the first book on 
rheology (Thixotropie, Hermann et Cie, Paris, 1935) was based on a series of measurements on 
colloidal suspensions. In subsequent decades, however, the interest in colloidal science gradually 
shifted to scattering and microscopic techniques. In past a few years, a growing number of studies 
have re-appeared in the field of rheology of colloidal dispersions due to the increasing needs in 
formulation and processing challenges that are not restricted to academia. NCC aqueous suspensions 
have also been subject to this trend leading to extensive studies on NCC suspension rheology shortly 
after NCC becoming a popular material. NCC suspension rheology haven been studied with a two-
fold focus: 
1. Understanding rheology in terms of colloidal behaviours such as its dimensions, self-assembly, 
gelation and aggregation; and characterising these behaviours using rheology as a tool [10, 
11].  
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2. Formulation of NCC suspensions to achieve targeted rheologies such as viscosity, yielding, 
and elasticity, suitable for flow related applications such as injectable hydrogel[12], 3D 
printing[13] and drilling fluids[14]. 
Despite the expanding number of publications and increasing attraction of NCC suspension rheology, 
there is not yet a systematic study of the overall structure-property relationship as a function of 
particle concentration and interaction of this specific system. Furthermore, practical examples of 
characterising a colloidal system using rheology are scarce especially for anisotropic charged colloids, 
which makes it hard to understand the rheological observations that are contributed by various 
colloidal properties.         
Above status of relevant research fields provides this study with a distinct position in filling current 
gaps of knowledge with potential for more valuable insights into the rheology of colloidal cellulose 
rods specifically, and the rheology-microstructure relationship of dispersion of anisotropic colloids 
in general. Key challenges in this study include properly correlating rheological behaviours with 
colloidal nature of NCC dispersions, and to compare such correlation with existing literature. The 
primary approach of this thesis is using rheological measurements to characterise the phase/phase-
transition behaviour of NCC dispersion as a colloidal system. It ultimately aims to provide a 
framework for probing a complex colloidal system with various available liquid/solid, isotropic/ 
anisotropic phases in terms of rheological measurements, which forms a unique aspect of this thesis.  
1.2 Aims and Objectives 
The goal of this study is to build a detailed phase map with variation in both concentration and particle 
interaction which is manipulated by ionic strength. From which, it aims to discover and differentiate 
various liquid/solid, isotropic/anisotropic phases in terms of rheological behaviours and colloidal 
properties. This work focuses on characterising the structure-property relationship of NCC aqueous 
suspension, and endeavours to intemperate this relationship based on the colloidal nature of this 
system. To understand the rheological observations on NCC aqueous suspension as a colloidal 
dispersion, it is necessary to know how particle concentration and interaction influences particle 
packing and the resultant microstructural formation and evolution. Three areas where current 
knowledge is limited, which form the basis for this thesis, are highlighted as follows.  
1. Insufficient compositional range 
Existing works either studied variation in NCC solid fraction only [10, 15, 16] or a limited range of 
environmental variable such as temperature[11, 17] or ionic strength[18] insufficient to trigger 
liquid/solid transition. The current limited range of concentration and particle interaction 
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(manipulated by temperature or ionic strength) investigated is insufficient to reveal the overall 
complexity of the phase behaviour of NCC aqueous suspensions in terms of all phase boundaries.  
2. Rheological behaviour at liquid-solid transition  
NCC aqueous suspensions in liquid and gelled states are usually studied separately. References 
mentioned in point 1 focus on liquid state, while NCC gels e.g. trigger by temperature[19] or ionic 
strength[20] are discussed elsewhere. To treat NCC dispersions and NCC gels as categorically 
different materials makes it difficult to evaluate the transition continuum between liquid and solid 
phases as has been accomplished for many polymeric systems. Therefore, current knowledge is 
unable to provide insights into the rheological signatures contributed by particle aggregation and 
microstructure evolution during the phase transitions. This is essential for characterising the overall 
phase behaviour of NCC suspensions, particularly for accurate determination of phase boundaries.  
3. The effect of anisotropy and liquid crystallinity on phase transitions 
Fundamental knowledge regarding gelation and liquid/solid phase transition in colloidal dispersions 
have been established and well documented such as in the review by Zaccarelli[21]. Colloidal stability, 
aggregation and phase separation for NCC suspension have also been studied in several works e.g. 
by Cherhal et al. [22] and by Phan-Xuan et al. [23]. The effect of particle interaction (e.g. manipulated 
by ionic strength) on liquid crystallinity of NCC aqueous suspension has been discovered and 
characterised for years e.g. by Dong et al.[24] and Hirai et al.[25]. However, it is still unclear how 
these two processes (that seem individual but share the same origin: reducing particle repulsion with 
increasing ionic strength) affect and interfere with each other i.e. the influence of particle anisotropy 
and presence of liquid crystallinity on gelation and properties of the resultant gel is not fully 
understood.  The rod-like shape of NCC particle and liquid crystal forming nature of NCC dispersion 
are deemed to bring additional complexities and excitements to the overall phase map, such that a 
comprehensive study on liquid-solid transition of this colloidal system by including its anisotropy 
effect may uncover novel soft materials with unique microstructures and behaviours.  
1.3 Thesis Outline 
The thesis has been divided into the following chapters in order to achieve the aims and to fill the 
knowledge gaps listed in previous session. 
Chapter 1: Introduction  
This chapter introduces and justifies motivations of this work and provides the overall aims and 
objectives by briefly summarising the current research status and gap of knowledge.  
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Chapter 2: Literature review 
This chapter reviews and discusses the relevant literature. Topics include general properties of NCC, 
rheology and liquid crystallinity of NCC dispersion, stability and phase behaviour of colloidal 
suspensions and rheology of colloidal suspension. A summary of the literature review is given at the 
end of this section in which the scope of this thesis is proposed to advance the knowledge base by 
identifying the limits in current studies.   
Chapter 3: Methodologies 
This chapter specifies the techniques used in this thesis, which mainly includes sample preparation 
and rheological measurements. Characterisations associated with specific content in certain chapters 
is detailed in their respective chapters.  
Chapter 4: Rheology and microstructure of NCC aqueous suspension 
This chapter correlates the rheological behaviours such as viscosity, yield stress, dynamic moduli 
with colloidal properties of NCC dispersed in aqueous solutions such as surface potential, particle 
aggregation, and microstructural features with variation in both NCC concentration and inter-particle 
forces e.g. by varying ionic strength. It emphasises the important role of colloidal stability on phase 
separation and subsequent gelation, a foundational concept essential for the contents of the 
subsequent chapters.   
Chapter 5: Liquid-solid transition of NCC aqueous suspension 
Based on the rheology-colloidal property-microstructure relationship developed in chapter 4, this 
chapter aims to report rheology of samples over a broad compositional range in terms of NCC (1 -
11.9 wt %) and NaCl (0-1000 mM).  It seeks to show development of a complete concentration-
salinity phase map in which the various liquid/solid phases are identified and characterised according 
to their distinct rheological behaviours, namely viscous liquid, viscoelastic liquid, gel/attractive glass 
and repulsive glass. Phase boundaries are also determined from rheological measurements and are 
predicted by DLVO theory. It also highlights the characteristically different rheological observation 
of, and transition between, two arrested states (repulsive and attractive glass) at high NCC volume 
fraction.  
Chapter 6: Liquid crystallinity of NCC suspension and its effect on gelation  
This chapter investigates the influence of liquid crystallinity on gelation and vice versa, building on 
the understandings of the liquid/solid transition of NCC suspensions provided by chapter 5. Polarised 
optical photography is used to examine bulk suspensions, and polarised optical microscopy is used 
to observe microstructures. The chapter aims to show that the liquid crystallinity of NCC suspension 
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displays a non-monotonic dependence on solution ionic strength, revealing an additional re-entrant 
liquid crystal phase at high ionic strength before gelation (phase separation).  This chapter reports the 
discovery of a new anisotropic soft material - referred as a liquid crystal hydroglass (LCH) - by 
triggering gelation in a liquid crystal phase of NCC aqueous suspension; this liquid crystal hydroglass, 
as an anisotropic arrested state, exhibits shear memory ability.  
Chapter 7: Rheological and structural characteristics of NCC liquid crystal hydroglass 
The liquid crystal hydroglass is an exciting new soft material with controllable structural ordering 
and mechanical/physical properties. Thus, after the realisation of this interesting state described in 
chapter 6, this chapter seeks to provide a detailed characterisation of the formation, properties and 
structure of NCC liquid crystal hydroglass.  It highlights the co-existence of an attractive glass matrix 
phase and a dispersed liquid crystal phase, which ultimately enables the controllable structural 
ordering and rheological/optical properties. It also seeks to show that the re-entrant liquid crystal 
phase is an essential condition for the existence of liquid crystal hydroglass, and that the 
compositional window of this re-entrant liquid crystal phase is determined by the dependence of 
surface potential on solution ionic strength which can be altered by using different types of ions.  
Chapter 8: Concluding remarks and future work 
This chapter aims to summarise the outcomes of the thesis and highlight its key innovations and 
novelty, as well as discuss the significance of the findings and suggestions for future research.  
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Chapter 2 
Literature Review 
A literature review is presented here to show current knowledge on the topics relevant to rheology 
and structuring of NCC aqueous suspensions. The general properties of NCC are reviewed, starting 
first with its chemistry and preparation followed by its morphology and characterising techniques, 
and finally its colloidal properties including dispersion stability, particle aggregation and phase 
behaviour. 
Section 2.2 reviews the theoretical framework for stability, particle interaction and phase transitions 
of colloidal suspensions, with a specific focus on colloidal rods.  As a colloidal system, rheological 
behaviours and liquid crystal ordering of NCC aqueous suspension are subject to the classical 
principles of colloidal suspension rheology and colloidal science.  Rheological measurement is a 
useful tool for characterising colloidal systems, such that the rheological observations for colloidal 
rod suspensions, lyotropic liquid crystalline suspension and flocculated colloidal systems are also 
reviewed in section 2.2. The review for these general principles in colloidal science and rheology 
facilitates the interpretation of rheological measurement for NCC suspensions.  
The rheology and liquid crystallinity of NCC aqueous suspension are of particular interests in this 
work; and are reviewed in dedicated sections (2.3 and 2.4 respectively). In particular, the effects of 
particle concentration and environmental parameters such as temperature and ionic strength on 
rheology and liquid crystallinity of NCC dispersions are considered. Variations in these behaviours 
are discussed according to its colloidal properties and microstructures. The purpose of this review is 
to enable the complete characterisation of NCC suspension and a realisation of novel properties and 
great potential of NCC-based isotopic/anisotropic soft materials.  
  
2.1 Introduction on Nanocrystalline Cellulose 
Cellulose ([C6H10O5] n, n=10,000~15,000) is a natural polysaccharide that is abundant in plant, fungi 
and bacteria. Cellulose was identified as a distinct chemical compound by Anselme Payen in 1838[1] 
when he realised an identical composition after alternatively boiling plant tissues of different species 
in nitric acidic and sodium hydroxide solutions, which was then named as “cellulose” in 1839[2]. The 
polymer configuration of cellulose was determined as a linear chain comprised of thousands β-1, 4 
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linked D-glucose units by Hermann Staudinger in 1932[3] as part of his fundamental contribution to 
polymer science. The structure of crystalline cellulose is a parallel packing of multiple cellulose 
chains by van der Waals force and hydrogen bonds, as characterised by Nishiyama et al. [4], and is 
varied according to the source of cellulose such as plant (Iβ) or bacteria (Iα).  
Nanocrystalline cellulose (NCC), a nano-sized cellulosic rod with high crystallinity, can be prepared 
by acidic hydrolysis of bulk cellulosic material in controlled conditions. Its colloidal size, charged 
and chemically active surface, and stiffness enables NCC to have unique and useful behaviours  
including superior re-enforcing ability[5] and chiral nematic ordering[6], which makes it a promising 
candidate in rheology control, re-enforcing polymer composite, hydrogel formation and emulsion 
stabilisers.  
 
2.1.1 Chemistry and Hydrolytic Preparation 
The arrangement of polymer chain within native cellulosic fibres, e.g. from woods, cotton, algae or 
bacteria, is recognised as a “micellar structure” that consists of small crystalline regions termed as 
micelles connected by amorphous regions[7]. The crystalline regions have  a rod-like shape with size 
and crystallinity varying with source of cellulose, while the amorphous regions contain loosely 
packed cellulosic chains, para-crystalline and irregular cellulosic chains[8] (e.g. hemicelluloses 
containing non-glucose monomers). The preparation of crystalline cellulose involves a chemical acid 
hydrolysis process intended to dissolve amorphous chains from the cellulose matrix enabling 
extraction of crystalline regions. The isolation of crystalline cellulose by acidic hydrolysis was first 
realised in the 1940s when Nickerson and Habrle[9] observed that the degradation of plant mass by 
boiling natural cellulose fibres in acid solution reached a limit after a sufficiently long treatment time. 
In subsequent years, acidic hydrolysis of native cellulose received increasing attention. This led to 
the first commercial crystalline cellulose material, microcrystalline cellulose (MCC), developed by 
Battista in the 1950s via hydrolysis of cellulose in 2.5 M hydrochloric acid at 105 oC[10, 11].  
The current theoretical explanation of acid hydrolysis treatment to extract crystalline cellulose is that 
the randomly-orientated cellulosic chains in the amorphous region of native semicrystalline cellulosic 
fibres have a lower packing density and therefore are more accessible by foreign ions. As a 
consequence, amorphous regions are degraded first by acid due to faster reaction kinetics, leaving a 
crystalline remainder intact [12-14]. During the acidic hydrolysis, hydronium ions can penetrate the 
cellulose chains in the amorphous domains promoting the hydrolytic cleavage of the glycoside bonds, 
thereby freeing the crystalline cellulose (Figure 2.1). Crystalline components can aggregate after 
being released from interlinks, which makes the crystalline cellulose particles obtained by acidic 
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hydrolysis larger, depending on the hydrolysis condition and time, than their original size in fibres 
[15, 16].  
 
Figure 2.1 Schematic of cellulosic fibre structure contain crystalline region and amorphous region 
(top); and crystalline cellulose (bottom) released after acidic hydrolysis. (Reproduced from ref.[13] 
with permission from Royal Society of Chemistry) 
Cellulose crystals hydrolysed from hydrochloric acid have a good thermal stability but a low 
dispersion stability in water , which makes it aggregate easily and consequently limits the application 
of cellulose hydrochloride in dispersions[17]. The stability of crystalline cellulose colloids in aqueous 
suspension is improved by hydrolysing native cellulosic fibres in sulphuric acid instead of 
hydrochloric acid, which leads to introduction of sulphate groups via an esterification reaction 
between sulphate ions and surface hydroxyl groups. The sulphate groups are negatively charged and 
consequently promote electrostatic repulsion between NCC particles. Preparation of stable colloidal 
cellulose suspension using sulphuric acid hydrolysis was reported by Rånby in the 1950s [18]. That 
work was one of the fundamental works on the existence of cellulose micelles (small crystalline 
regions) in resultant colloidal suspensions following acidic treatment. The superior dispersion 
stability of rod-like sulphonated cellulose crystals enables the cellulose colloidal suspension to be 
prepared with volume fraction beyond the critical fraction of the isotropic-nematic transition. This  
assisted in the realisation of birefringent phases of cellulose colloidal suspension at sufficiently high 
concentration by Marchessault et al. in 1959[19]. This liquid crystal phase was then characterised as 
chiral nematic phase with a long-range helical ordering[6], and forms one of the most interesting and 
attractive topics in research on cellulose colloids.  
Hydrolysis of native cellulosic fibre in other strong acids also yields nanocrystalline cellulose with 
different morphology and surface chemistry e.g. hydrolysing in phosphoric acid leads to NCC with 
surface phosphate groups. Besides acidic hydrolysis, there are other methods for preparing 
nanocrystalline cellulose such as enzymatic hydrolysis treatment[20], TEMPO(2,2,6,6-tetramethyl-
piperidin -1-oxyl) oxidation (producing carboxylated NCC)[21] and ionic liquid[22].  Rheological 
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and self-assembly behaviours of NCC prepared by these methods can vastly differ in aqueous 
dispersions such as the NCC hydrochloride does not have surface charges and therefore cannot form 
chiral nematic phase.  
 
2.1.2 Morphology Characterisation 
Nanocrystalline cellulose is a rod-like particle with size varying between 100-1000 nm in length and 
5-50 nm in diameter that depends on the source of native cellulose fibre. The NCC made from wood 
is between 100-200 nm with an aspect ratio 10-20, whereas NCC extracted from bacteria cellulose 
can be as long as 1000 nm with an aspect ratio 50-80 [23]. Hydrolysis in sulphuric acid leads to NCC 
surface decorated by sulphate groups typically 3.7-6.7 per 100 anhydrous glucose units depending on 
acidic treatment conditions and time [24, 25]. The size and morphology of NCC colloidal rods and 
NCC aggregates formed in aqueous suspension has been characterised using scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM), 
as well as scattering techniques such as static light scattering (SLS), dynamic light scattering (DLS), 
small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS). Each technique has 
its own applicability, resolution and limitations in characterising the morphology of NCC, which are 
discussed in the follow section.  
The preparation of samples for SEM observation requires the removal of water from suspension, 
which can consequently change the original morphology of suspension, e.g. the commonly-used 
freeze drying can introduce a laminar structure into sample as the result of ice crystal growth in its 
crystallographic preferred direction[27]. Although the interpretation of such structures observed 
under SEM are well documented[27-29] and some relevant works have been done in similar systems 
including NCC[26], it is still difficult to derive information about the NCC size and shape and primary 
structure formed. As seen in Figure 2.2 (first row), the observed porous laminar structure of NCC 
aerogel is formed by freeze drying the suspension and is not a reflection of the structure in aqueous 
suspension. The chiral nematic liquid crystal ordering of sulphonate NCC can be preserved upon 
drying, as revealed by Revol et al. in 1998[30].  The SEM picture taken for the cross-section of dried 
NCC film gives insights into rod packing in this state as well as some information on morphology of 
individual rods (e.g. Figure 2.2, second row). However, it is unable to provide exact dimension for 
NCC rods or rod associations when dispersed in aqueous solution as the drying process involves a 
gradual increase in concentration which consequently alters the rod packing[31].  
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Figure 2.2 SEM pictures taken for freeze dried NCC aerogel (top, reproduced from ref.[26] with 
permission from Elsevier Science& Technology Journals); and cross-section for dried NCC film 
(bottom, reproduced from ref. [14] with permission from John Wiley &Sons) 
Transmission electron microscopy is an ideal technique to directly measure the size of colloidal 
particles. For cellulose-based materials, aggregation is always a problem when preparing the samples 
as cellulose tend to form hydrogen bonds between each other when solvent evaporates, which 
consequently leads to an inaccurate size[23]. Cryo-TEM can overcome this limitation by directly 
observing the frozen samples [32]. Figure 2.3 shows typical TEM pictures of NCC from different 
sources of raw cellulose materials. The size of tunicate NCC can be as long as few microns due to a 
high crystallinity of tunicate cell wall.  
 
Figure 2.3 TEM pictures for morphology of NCC derived from (a) cotton; (b) avicel; (c-e) tunicate 
cellulose. (reproduced from ref. [32] with permission from American Chemical Society) 
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Atomic force microscope (AFM) can also directly observe the size and shape of nanoparticles with 
resolution up to 10-10 m and fewer requirement in sample environment i.e. without problems of 
freezing or aggregation encountered by SEM and TEM. AFM has been widely used to characterise 
either morphology of individual (or a few) NCC particles [33-37] or rod packings in NCC suspensions 
or gels [38-41]. Individual NCC rods can be isolated on mica substrate[36] by applying concentrated 
NCC suspension to the substrate for a short time followed by quickly rinsing with deionised water. 
This allows direct measurement of dimensions of individual NCC rods using AFM. AFM has been 
also used to measure the mechanical properties [42] such as strength, stiffness, and adhesiveness of 
NCC particles in addition to size and morphology.   
Scattering techniques are used to indirectly characterise the size and morphology of colloidal particles 
by measuring the change of scattering intensity or frequency relative to the incident laser, X-ray or 
neutron beam. Dynamic light scattering (DLS) is one widely used scattering technique, used to assess 
the size and aggregation behaviour of colloidal system by measuring the scattering intensity as a 
function of time (hence “dynamic”). The translational diffusion constant is the primary information 
obtained using DLS. The diffusion constant (D0) follows the Stokes-Einstein equation (with 
behaviour corresponding to equivalent spherical particles):  
𝐷0 =
𝑘𝑏𝑇
6𝜋𝜂0𝑅ℎ
         (2.1-1) 
where kb is Boltzmann constant, T is temperature in K, η0 is viscosity of solvent, and Rh is 
hydrodynamic radius. In dilute suspension, the average hydrodynamic radius <Rh> is:  
< 𝑅ℎ >=
𝑘𝑏𝑇
6𝜋𝜂0<𝐷0>
        (2.1-2) 
Similarly, the intensity size distributions f (Rh) can be obtained from the distribution of the 
translational diffusion constant. Figure 2.4 shows a typical hydrodynamic radius distribution curve 
of a cellulose suspension. For cellulose systems, there is often a coexistence of single cellulose fibre 
peaks (smaller Rh in Figure 2.4) and aggregate peaks(larger Rh in Figure 2.4) [43-45]. The relative 
heights of these peaks can respond to a change in environmental parameters such as temperature, pH, 
ageing time, and salinities, revealing the changes in stability of cellulose suspension. A higher 
proportion of aggregates indicates the reforming of hydrogen bonds between cellulose particles and 
consequent instability of suspension[43].  
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Figure 2.4 Hydrodynamic radius distribution of nanocellulose dispersed in NaOH /urea aqueous 
solution. (reproduced from ref. [43] with permission from American Chemical Society) 
Small angle x-ray scattering (SAXS) and neutron scattering (SANS) are used to characterise the rod 
packing of NCC in a chiral nematic state [46] or a gelled state [47]. A peak can be observed in plot 
of intensity (I) as a function of scattering vector (q) for liquid crystalline samples, which indicates an 
equilibrium separation between NCC rods. This separation has been shown to decrease with addition 
of electrolyte [48]. Schutz et al.[46] plotted Lorentz-corrected SAXS scattering data (I*q2 vs. q), and 
calculated the average separation distances between rods by fitting a Gaussian distribution function 
under peaks for NCC sample in isotropic liquid, liquid crystalline, and glass states. Besides the static 
measurements, SAXS and SANS combined with rheology are also used to characterise the shear 
induced alignment and subsequent relaxation of NCC suspensions [48-51] and rheology-structure 
relationships.  
 
2.1.3 Colloidal Properties 
When dispersed in aqueous solutions, NCC forms a suspension of charged colloidal rods. However, 
the colloidal properties of nanocrystalline cellulose and its derivatives have received comparatively 
less attention compared to other research on this material (see figure 1.1). Nevertheless, the colloidal 
properties of NCC in aqueous solutions still forms an increasingly important part in the overall studies 
on NCC because it fundamentally determines stability, microstructure self-assembly and rheology of 
NCC suspensions. The existing studies on colloidal properties of NCC focused on three areas:  
1. Stability, aggregation and phase transition in presence of electrolyte, surfactant or water-
soluble polymers;  
Sulphonated NCC forms a stable colloidal dispersion due to its negatively charged surface in low-
ionic strength conditions. The colloidal stability contributes to the presence of birefringent liquid 
crystal phase which separates from the isotropic suspension when the NCC concentration increases 
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beyond the isotropic/nematic transition fraction. The proportion of liquid crystalline phase increases 
with increasing NCC concentration, leading to a single-phase liquid crystalline suspension at a critical 
NCC content[6]. 
At higher ionic strengths, NCC suspensions become unstable due to the dominance of attractive 
interactions that causes NCC  to aggregate, flocculate, sediment and/or gel depending on volume 
fraction of NCC that follows classical theories in colloidal science[52]. Scattering techniques are 
widely used to characterise the aggregation behaviour of NCC in aqueous suspension. NCC rod 
association in dilute regime has been studied by De Souze Lima et al. [53], which confirmed the 
existence of an ordered rod packing using static and dynamic light scattering. Cheral et al.[54] 
characterised the dimension of NCC aggregates using small angle neutron scattering which revealed 
the conditions for flocculation, sedimentation and gelation in terms of NCC concentration and ionic 
strength. More importantly, this work revealed that the critical ionic strength for destabilising NCC 
suspension is independent from NCC concentration despite different structures formed following 
destabilisation. The presence of surfactant or polymers in NCC aqueous suspension also influences 
the colloidal stability and the isotropic-liquid crystal [55, 56], or liquid-gel [57] phase transitions by 
introducing additional interaction between particles e.g. depletion attraction.  
2. Characterising and manipulating surface potential;  
The colloidal stability and chiral nematic ordering of NCC aqueous suspension ultimately arises from 
their negatively charged surface due to sulphate groups introduced during acid hydrolysis. The 
surface potential of NCC as a function of ionic strength, surfactant and polymer concentration is 
characterised by zeta (ζ) potential for double- layer interaction obtained via Smoluchowski equation 
from measured particle mobility [58, 59], direct force measurement by atomic force microscope [60], 
computational works based on DLVO (Derjaguin-Landau-Verwey-Overbeek) theory[57, 59, 61], and 
quantum chemistry calculation and simulation [62, 63]. The potential energy curve obtained from the 
DLVO model by applying Derjaguin’s approximation [64] and geometrical simplifications such as 
parallel or cross cylinders or ellipsoids [57, 61, 65] provides good agreement with experimental 
systems in terms of NCC stability under different conditions. Details on colloidal stability, phase and 
inter-particle forces are discussed in section 2.2.  
3. Rheological behaviours.  
The variation in colloidal stability of suspensions as a function of NCC concentration and solution 
environment, e.g. temperature, ionic strength, and presence of surfactant and polymers, leads to 
distinct microstructures such as isotropic liquid, anisotropic liquid, gel and glass, and thus a variety 
of rheological responses. Interest in NCC suspension rheology has focused on three aspects according 
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to effective NCC volume fraction. In the dilute regime, NCC suspension behaves as an isotropic 
suspension of colloidal rods, and research focuses on the intrinsic viscosity (and therefore viscosity-
aspect ratio relationship) [66, 67] and dynamics of NCC as a rigid macromolecule[68] that is well 
described using Doi- Edwards theory[69]. For NCC of liquid crystalline phase, the rheological studies 
include the transition from isotropic to liquid crystal phase assisted by optical polarised pictures [70], 
and the rheological signatures for liquid crystalline suspension such as the observation of shear 
thinning at low shear region (Region-I shear thinning) [71]. For NCC gels of high solid content, the 
rheological studies were mainly performed to investigate the viscoelasticity, time-dependent 
behaviour and yielding [47, 72, 73].  Studies on NCC suspension rheology are reviewed in more 
detail in section 2.2.  
In the review article of Oguzlu et al.[61] , a schematic phase map (reproduced in figure 2.5) is used 
to summarise the current knowledge on colloidal and rheological behaviours of NCC aqueous 
suspensions.  This map is obtained from several different experimental studies using different sources 
of NCC, and no single study covers the entire range of NCC and NaCl concentrations. Considering 
that the phase boundaries and rheological behaviour may differ between NCC made from different 
sources and processing conditions, figure 2.5 is non-specific and can only be used as a rough guide. 
Furthermore, origins of these rheological observations in terms of microstructure evolution is yet to 
be realised; this thesis seeks to provide an essential role in filling these gaps in current knowledge.  
 
Figure 2.5 Summary of NCC aqueous suspension colloidal and rheological behaviours. 
(Reproduced from ref. [61] with permission from Elsevier Science and Technology Journals)  
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2.2 Colloidal and Rheological Frameworks 
Colloidal science and rheology are closely interlinked. Understanding of colloidal properties can 
inform rheology and vice-versa. This has happened via e.g. Bingham’s yield stress model[74] arising 
from measurement of colloids, and flocculation being first characterised from rheological 
measurements. Consequently, a comprehensive understanding of NCC behaviour is best developed 
using the theoretical and empirical frameworks of both colloidal science and rheology. These 
frameworks are explored below.  
In dilute colloidal dispersions, dynamics of particles are governed by diffusional motion. An 
anisotropic shape of dispersed colloids makes the dynamics deviate from classical Brownian motion. 
This results in different particle-fluid interactions and consequently influences the viscosity-shear 
rate relation (section 2.2.1). For anisotropic particles, Onsager [75] developed theoretical prediction 
of a spontaneous transition from isotropic to ordered state in 1949.  In that study he showed that the 
entropy of isotropic arrangement is higher than that of an ordered state when the particle volume 
fraction increases beyond a critical value (above which an equilibrium random state is impossible). 
As a colloidal suspension of rigid rods, NCC aqueous suspension exhibits liquid crystalline 
behaviours above a critical volume fraction. The presence of strong surface charges for sulphonated 
NCC further enables a twisting effect between rods in order to minimise the “contact” area for 
electrostatic repulsion, which leads to a chiral nematic phase with long-range helical ordering as 
revealed by Revol et al. in 1992[6]. The liquid crystalline suspension shows a unique response to 
perturbations such as shear deformations in rheological measurements due to ordered particle packing 
within the microstructure. The formation of liquid crystalline suspensions and its distinct rheological 
behaviours are reviewed in section 2.2.2 and 2.2.3 respectively.  
Sulphonated NCC is stabilised in aqueous suspensions by electrostatic repulsion. Interparticle forces 
are adjustable by addition of electrolytes which screens surface charge and consequently reduces the 
electrostatic repulsion. At a critical ionic strength, inter-particle forces become attractive causing 
aggregation, flocculation, phase separation or gelation of the colloidal system. These changes in 
particle interactions and resultant particle packing and association lead to various physical states with 
vastly different microstructures, despite a constant particle volume fraction (section 2.2.4). Properties 
of each microstructural state (phase) are subject to distinct particle dynamics, interactions and packing, 
which makes their rheological behaviour differ substantially from stable colloidal dispersions in 
which rheology is dependent primarily on volume fraction and hydrodynamic interactions (section 
2.2.5). The behaviour of NCC suspensions can be understood by generic behaviour/understanding of 
colloidal systems (particularly of charged rods), and consequently this literature review considers the 
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behaviour of general colloidal suspensions in addition to NCC. Details for experimental studies on 
NCC suspensions are summarised in section 2.3 and 2.4.  
 
2.2.1 Rheology of Dilute and Semi-Dilute Colloidal Rod Suspensions 
Rod-like colloids have different behaviour under flow compared to spherical colloids which lack 
rotational diffusion i.e. rods not only travel with the flow like spheres but also rotate and align to the 
direction of flow. This difference in particle-fluid interaction in shear flow makes the viscosity-
volume fraction dependency for colloidal rods deviate from well-known Einstein relation ηr=1+2.5ϕ 
[76] where ηr = η/ ηs is the relative viscosity of suspension defined as ratio between viscosity of 
suspension (η) and the viscosity of medium (ηs) and ϕ is colloidal volume fraction.  Geometrical 
simplifications have been made to non-spherical particles in order to develop general rules by 
applying axisymmetric shape approximation (assuming particles are with symmetric rotational 
diffusion e.g. cylinder, ellipsoid or circular disk).  Arbitrarily irregular surface curvatures can be 
investigated more rigorously e.g. Brenner[77], which requires intensive computational efforts and is 
thus hardly used in deriving general rules in colloidal suspensions.  Particles with rotational symmetry 
can be characterised by their aspect ratio (pa=L/d) i.e. the ratio between its length (L) and diameter 
(d). Aspect ratio is the dominant factor in determining dependence of viscosity on particle volume 
fraction for dilute suspensions which are governed by diffusional dynamics. The viscosity of 
suspensions comprised of particles with increasing aspect ratio is substantially higher than that of 
spherical particles, which results in a slop  greater than 2.5 on plot of viscosity vs. volume fraction, 
as revealed by  Lauffer in 1944 using suspensions of tobacco mosaic viruses[78].  
For suspensions of rod-like particles in the dilute regime (nL3<1, where n is the number density and 
L is particle length), the dynamics differs from Brownian motion according to the rotational Péclet 
number (Per= advective motion/ diffusional motion). The orientational distribution of rods is random 
at low Per (low shear rate) and aligned at high Per (high shear rate). This dependence of orientation 
ordering on shear rate results in an intrinsic shear-thinning in rheological measurements even for very 
dilute systems. The zero-shear and high-shear viscosity for suspensions of rod-like colloids is then 
able to be derived following the classic Onsager’s method [75], e.g. by Dhont and Briels[79]:  
𝜂𝑟 𝑃𝑒→0 = 1 +
8𝑝𝑎
2
45ln (𝑝𝑎)
𝜙        (2.2-1) 
𝜂𝑟 𝑃𝑒→∞ = 1 +
2𝑝𝑎
2
45ln (𝑝𝑎)
𝜙        (2.2-2) 
In semi-dilute regime (L3 < n < (nL2)-1), inter-particle forces play an important role in determining 
the solution rheological behaviour as particles start to “see” each other. For suspensions that are in 
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liquid state, Doi and Edwards’s “tube” model [80-82] is considered applicable where the relative 
viscosity (ηr) is scaled by nL3 as:  
𝜂𝑟 = 1 +
𝜋𝑛𝐿3
90
ln 𝑝𝑎 + 𝜋(𝑛𝐿
3)3/30𝛽 ln 𝑝𝑎      (2.2-3) 
 is a numerical constant representing the release of the tube-constraints and takes values in range of 
103- 104. Sato and Teramoto[83] extended the range of applicable concentrations for the original Doi 
and Edward’s relation by considering particle entanglement and jamming, and proposed the following 
expression for the low shear relative viscosity of colloidal rod suspensions in the  concentrated regime 
where ϕ ~ 1/pa:  
𝜂𝑟 = 1 +
𝜋𝑛𝐿3
90
ln 𝑝𝑎 +
𝜋
30 ln 𝑝𝑎
[1 +
𝑛𝐿3
√𝛽(1−𝜖𝑛𝑑𝐿2)
]2𝑛𝐿3     (2.2-4) 
The additional variable ε is a measure of “log-jamming”, which referred to the relative degree of 
jamming comparing to original Doi and Edward’s equation and makes equation 2.2.4 applicable to a 
wide range of concentrations. However, ε is an experimentally fitted parameter that consequently 
reduces the reliability of the model prediction. For ε=0, equation 2.2-4 reduces to 2.2-3. Note that 
none of these models for suspensions of colloidal rod particle suspensions includes hydrodynamic 
interactions, an inherent limitation of “tube” models.  
For charged particles, L is set to L = L+ακ-1 to account for the influence of ionic strength[74], where 
κ-1 is Debye length and α is a fitted parameter using equation:  
𝑛
𝑛∗
= 𝜙
4
𝜋
𝐿2
𝑑2
(1 +
ακ−1
𝐿
)3        (2.2-5) 
where n* is critical jamming number density. Equation 2.2-3 and 2.2-4 are valid only for liquid 
behaviour although they have included jamming effects. Many colloidal suspensions, however, 
involve flocculation, aggregation, percolation, and gelation where the rheology is viscoelastic. The 
colloidal particles can be trapped in non-equilibrium structures like gels and glasses (which is 
supported by their own weight), as well as flocs and aggregates (which separate out from the fluid). 
The resultant microstructure-flow relationships often lead to strong non-Newtonian behaviour [84, 
85]. These effects are reviewed separately in section 2.2.5.  
 
2.2.2 Liquid Crystalline Suspensions and Isotropic-Liquid Crystalline Transition 
Under certain conditions, rigid anisotropic colloids are able to produce liquid crystalline suspensions 
in which the orientational distribution of colloids is directional. The formation of a liquid crystalline 
state can be achieved in two ways: (1) thermotropic liquid crystallinity, in which a directional 
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ordering of colloids is obtained in a range of temperature, below the lower limit of which the system 
exhibits solid-like behaviour, and above the upper limit of which the system is in  isotropic states; (2) 
lyotropic liquid crystallinity in which the liquid crystalline states exist over a range of colloid 
concentration between isotropic liquid and jammed solid states.  
The liquid crystalline state was realised by Friedrich Reinitzer in 1888 when he noticed a two-step 
melting phenomenon for cholesteric organic compound which sequentially produced a thick cloudy 
liquid then a clear liquid [86]. The cloudy liquid was found to be birefringent under polarisers and 
was characterised as a new state of matters named as a liquid crystal by Otto Lehmann in 1890 after 
observing similar phenomena in other substances[87]. The existence of lyotropic liquid crystalline 
solution was established in the 1930s for concentrated virus solutions such as tobacco mosaic virus 
and potato virus [88, 89]. Irving Langmuir discovered liquid crystalline behaviour in aqueous 
dispersion of charged clay platelets and emphasised the important role of inter-particle 
attraction/repulsion forces in the formation, stabilisation and phase transitions of liquid crystalline 
phases[90]. Studies in subsequent decades showed that lyotropic liquid crystalline phase can be 
observed in a number of suspensions comprised of rigid colloidal rods e.g. rigid polymer chains[91], 
cellulose-derivatives[92], and boehmite[93].  
Lyotropic liquid crystalline suspension can exhibit several phases with different symmetries as a 
function of concentration. Nematic phase forms from an isotropic suspension by increasing particle 
concentration, at which point particles are aligned in a preferred direction showing an orientational, 
but not positional, ordering. Further increase in concentration results in a smectic phase in which 
particles also show a layer-like positional ordering.  For particles with a chiral centre or charged 
particles with twisting effect, chiral nematic phases can result (instead of a simple nematic phase), at 
which stage the orientational ordering of rods rotates in a helical pattern along an axis perpendicular 
to the preferred direction of nematic phase (figure 2.6).  
Isotropic Nematic Chiral Nematic
 
Figure 2.6 Schematics of Rod Packing Patterns in Suspension.  
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The lyotropic liquid crystalline-forming ability of rigid rod colloids was first characterised by Lars 
Onsager in a theoretical approach [75], showing that the transition from isotropic state to nematic 
state is entropy-driven and is spontaneous for colloid concentrations above a critical value. The theory 
is built upon the free energy of rigid rods in the limit of second virial coefficient, which is obtained 
from averaging excluded volume (E) over orientation distribution function (ψ) of rod direction (ω). 
From Onsager’s theory, for two rods with direction u and u’ respectively (figure 2.7), the expression 
of Helmholtz free energy f (ψ) (per particle, per kbT) is: 
𝑓(𝜓) = ∫ 𝑑𝑢 𝜓(𝑢) (ln(𝑛𝑏 𝜓(𝑢)) − 1) +
𝑛
2
∫ 𝑑𝑢 ∫ 𝑑𝑢′ 𝐸(𝑢, 𝑢′)𝜓(𝑢)𝜓(𝑢′)  (2.2-6) 
n is number density and b is a constant; the first term refers to translational and orientational entropy, 
and the second is the second viral term. For rods with large aspect ratio, the excluded volume E (figure 
2.7) can be expressed as:  
𝐸(𝑢, 𝑢′) = 2𝐿2𝐷|sin 𝜔|        (2.2-7) 
ω is the angle between u and u’. Thermodynamic properties such as free energy, pressure and 
chemical potential can then be derived by integrating the above equation via various means of 
approximation such as described by van Roij [94]. The dimensionless concentrations (𝑐 =
𝜋
4
𝐿2𝐷𝑛) 
for isotropic (cI) and nematic (cN) phases are calculated to be 3.29 and 4.19 respectively. For 
concentrations where cI < c < cN, isotropic and nematic phases coexist.  
Modifications have been made to Onsager’s original theory for systems with charged rods, e.g. the 
SLO (Stroobants- Lekkerkerker- Odijk) method [95] which introduced an effective diameter (Deff) 
and a twisting parameter (h) defined as eqn.2.2-8 and 2.2-9 in order to account for electrostatic 
repulsion between rods (figure 2.7).  
𝐷𝑒𝑓𝑓 = 𝐷 + 𝛼𝜅
−1         (2.2-8) 
ℎ =
1
𝜅𝐷𝑒𝑓𝑓
          (2.2-9) 
α is double-layer thickness parameter. The coexisting dimensionless concentration for isotropic (cI) 
and nematic (cN) phases are then corrected for charged rods as:  
𝑐𝐼 = 3.29
1−0.675ℎ
𝑏
         (2.2-10) 
𝑐𝑁 = 4.191
1−0.730ℎ
𝑏
         (2.2-11) 
where b is the ration between Deff and D. SLO method provides reasonable agreement with 
experimentally-observed isotropic-nematic transition for polyelectrolytes with variation in ionic 
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strength[95], and has been used to characterise liquid crystalline behaviour of charged rigid rods 
including NCC[96].  
w
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Figure 2.7 Schematics showing rods direction, twisting angle, separation distance, exclude volume 
and effective diameter for charged rods. 
Based on the SLO theory, Drwenski et al. [97] recently built a isotropic-anisotropic phase map 
reproduced as figure 2.8 for charged rods as function of concentration, ionic strength and surface 
charge density. This showed two nematic phases located at low and high ionic strength respectively 
(as previously reported qualitatively [98, 99]). It indicated a transition from nematic to nematic-
isotropic coexisting phase and then to another nematic phase as ionic strength increases, which 
coincides with the experimental study by Hirai et al.[100] showing a re-entrant liquid crystalline 
phase at elevated ionic strength for bacterial NCC. We note that accounting for this nematic-isotropic-
nematic transition is important in determining the structural transition and associated 
rheological/optical observations of NCC aqueous suspension with increasing ionic strength.  
 
Figure 2.8 Isotropic-Anisotropic Phase diagram for charged rod suspensions as function of 
concentration and ionic strength.(Reproduced from ref. [97] with permission from AIP publishing) 
κ is inverse of Debye length, D is rod diameter (large κD represents low ionic strength) c is dimensionless 
concentration, S is ordering parameter (0= isotropic, 1= completely ordered) 
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2.2.3 Rheological Features for Liquid Crystalline Suspensions 
Dynamics of colloidal rods in liquid crystalline suspensions significantly differ from isotropic state: 
rod orientation results in free diffusion along the preferred direction i.e. the orientation director of 
liquid crystalline phase (enabling liquid-like behaviour), while diffusion is hindered rotationally and 
perpendicular to the orientation director. These unique dynamics, as well as particle interaction and 
packing when in an ordered state, makes liquid crystalline suspensions respond extraordinarily from 
isotropic systems upon perturbations such as shear deformation. Though there are some generalised 
behaviours, rheology of liquid crystalline suspensions can vary considerably from one system to 
another[101], such that one should be cautious when interpreting rheological measurements using 
observations from other systems. Considering the liquid crystalline forming nature of NCC aqueous 
suspension, it is necessary to review some general observations in charactering flow properties of 
liquid crystalline suspensions to facilitate a proper understanding of its rheological behaviours.  
Isotropic-nematic (I-N) transitions can be marked by a drop in shear viscosity, as revealed by 
Hermans in 1962 for suspensions of rigid polymer rods[103]. For a lyotropic liquid crystalline 
suspension, a considerable drop in viscosity (figure 2.9) can be observed when particle concentration 
goes beyond the critical isotropic-nematic transition fraction. It is not a surprising observation as 
nematic phase has fewer entanglements between particles, such that particles move more freely than 
those in a concentrated isotropic phase[101]. From Doi’s theory on dynamics of rigid polymer rods 
in suspension [69], viscosity trends towards infinity as volume fraction approaches the I-N transition, 
and that any further increase in concentration results in a nematic phase (figure 2.9b).  
 
Figure 2.9 Dependence of viscosity on volume fraction of lyotropic liquid crystalline suspension. 
(Reproduced from ref. [102] with permission from Springer Nature) 
Onsager’s theory also stated that an isotropic phase is impossible for concentrations above I-N 
transition. In rheological measurement, this phenomenon is observed as a discontinuity in viscosity 
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as a function of particle concentration (figure 2.9a). It should be noted that polydispersity always 
exists in NCC aqueous suspensions, which results in a broad I-N coexisting region and consequently 
makes the reduction in viscosity less profound compared to figure 2.9, which was produced from 
experiments using a solution of poly(γ-benzyl-l-glutamate) (PBLG) with a definitive molecular 
weight of 238000[102].   
The characteristic rheological observation on lyotropic liquid crystalline suspensions is the tripartite 
flow curve, which exhibits an additional shear-thinning behaviour within the low shear-regime 
compared with the classic behaviour of rod particles described in section 2.2.1. This viscosity-shear 
rate relationship was first described by Onogi and Asada in 1980[104] and named as “Region I” shear 
thinning (see figure 2.11). The origin of Region I shear thinning was suggested as steady-state 
molecular orientation. Rheological measurement, optical observation and small angle x-ray scattering 
confirmed that, for systems exhibiting Region I shear thinning, the molecular orientation at low shear 
regime was almost isotropic; while, for samples without Region I shear thinning, the low shear 
structure is highly ordered[105-107]. This observation is agreed with the mesoscopic domain theory 
of lyotropic liquid crystalline suspensions at low shear proposed by Larson and Doi[108] which 
hypothesises that the overall system is comprised of a number of liquid crystalline domains, such that 
macroscopic behaviours are determined by averaging an area much larger than a single domain but 
much smaller to the overall system. Rods within a single domain have a liquid crystalline ordering, 
however each domain can have a distinct orientational director. If individual domain orientation 
directors are not aligned, the overall macroscopic behaviour is isotropic (figure 2.10). Within the low 
shear regime, liquid crystalline domains deform and rotate causing motion of disclinations 
(boundaries where orientation directors of two neighbouring domains mismatch)[108].  
Rest Low shear High shear
 
Figure 2.10 Schematics showing mesoscopic domain theory of lyotropic liquid crystal. 
The domain was assumed to be impenetrable by fluid, with fluid flows within the gap between 
domains (which can be deformed or expanded by shear stress due to domain reorientating and 
shrinking[109]). Therefore, upon shearing, the disclinations in liquid crystalline suspensions exhibit 
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resistance causing a shearing thinning in the low shear region. At high shear, disclinations disappear 
as particles are aligned in the direction of flow (figure 2. 10). Inspired by this poly-domain scheme, 
the Region-I shear thinning can be described semi-empirically using theoretical computations for a 
on pure nematic system based on Leslie-Ericksen equations [101],  
𝜂 = 𝜂0 + 𝛾1
0.5𝐾3
0.5𝑎0
−1?̇?−0.5       (2.2-12) 
𝜂0 represents a yielding behaviour, 𝛾1 is twist Leslie viscosity (approximately 30-100 times Region 
II plateau viscosity i.e. the Newtonian part of the flow curve), K3 is the third Frank constant (bending) 
which is c.a. 10-5 μN and can be negligible for rigid polymers rods like NCC, and a0 is the size of 
domains in c.a. a few microns (can be taken as a fitting parameter). The power-law dependence of 
viscosity on shear rate : 𝜂 ∝  ?̇?−0.5 generally agrees with experimental findings[102].  
Despite these theoretical and experimental studies, the origin of Region I and associated particle 
ordering and dynamics are not well understood. It seems that the cause of Region I shear thinning can 
vary from one system to another, e.g. some suggested it is due to the formation of hexagonal phase 
[110] or cholesteric phase[106]. There is a risk of missing or inappropriately interpreting Region I 
shear thinning in lyotropic liquid crystalline suspensions. The behaviour is generally only observable 
in a certain range of volume fraction [111] (figure 2.11), such that systems do not exhibit Region I 
either above or below this compositional range. The high polydispersity of NCC as a natural material 
also makes this phenomena less profound than in artificial polymers, and there is almost an equal 
chance for Region I to be observed [61, 71] or missed [72, 112] in NCC systems. A recent study using 
neutron scattering [51] showed that liquid crystalline NCC systems with or without Region I exhibit 
a similar  tripartite dependence of ordering parameter on shear rate, which is not consistent with 
previous studies on other materials mentioned in the previous paragraph [105-107]. This finding 
brings additional complexity in explaining the Region I for NCC suspensions and for liquid 
crystalline suspensions in general. Therefore, caution should be taken when observing Region I in 
samples. For some dilute liquid crystalline suspensions, Region I may occur at shear rates much lower 
than minimum shear rates able to be applied by most rotational rheometers. Furthermore, some 
measuring artefact such as wall-slip (primarily for concentrated samples)[113] or surface tension 
effect (especially for dilute samples)[114] can cause an apparent shear-thinning behaviour within the 
low shear region, which is easily misinterpreted as Region I. We note the importance of conducting 
comparative experiments such as with water or other reference systems to eliminate the possible 
measuring artefacts in rheometry and thereby allowing accurate confirmation of the existence of 
Region I in liquid crystalline suspensions of NCC.  
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Figure 2.11 Summary of rheological observations on lyotropic liquid crystalline suspensions. 
Schematic plots are based on generally measurable range: ~0.01-1000 s-1 
Besides steady-state flow properties, viscoelasticity is also of interests for lyotropic liquid crystalline 
suspensions. Based on mesoscopic domain theory by Larson and Doi[108], Moldenaers and Mewis 
studied the viscoelasticity of liquid crystalline suspension of rigid polymers[115], which showed that 
the molecule orientation within domains, rather than domain size (and resultant number of 
disclinations), is the determinant factor on linear viscoelastic response. It also revealed an irreversible 
change in the dynamic moduli after pre-shear at high shear rates especially within the high frequency 
regime. This observation suggests that flow with high shear rate enhances the ordering of particles 
within domains. The ordering within each domain does not readily relax, which consequently makes 
the viscoelastic behaviour strongly dependent on pre-shear history and that a pre-shear protocol is 
needed to ensure reliable and reproducible rheological measurement[115]. Mezzenga et al.[116] 
reported that, for concentrated liquid crystalline suspensions (below the glass-forming fraction), G’ 
and G’’ are almost parallel at low-medium frequencies, which is characteristic of elastic solid-like 
behaviour; however, G’’ exhibits a dramatic increase at high frequencies resulting in a (near) cross-
over (figure 2.11).  This is attributed to the plastic nature of the liquid crystalline phase, with the 
increase in G’’ representing a change in energy dissipation mechanisms. The plasticity of the 
concentrated liquid crystalline phase can be confirmed by static stress-strain tests. This kind of 
variation in G’’ has been also reported in NCC suspensions[71], although these are not well 
characterised.  
2.2.4 Introduction on Colloidal Systems 
2.2.4.1 Colloidal Interactions 
‘Colloidal suspensions’ refers to a kind of mixture where particles are dispersed into a solvent, which 
differs from solutions (molecule mixture). The size of colloidal particles ranges from a few 
nanometres to micrometres. The stability of colloidal systems is primarily due to the Brownian effect 
such that the small size of colloid allows it to remain suspended by solvent despite its higher density. 
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Brownian motion originates from the random thermal collision of solvent molecule on the colloid’s 
surface, which leads to an instant momentum of diffusion. Dilute colloidal suspensions exhibit 
Brownian dynamics where particle diffusions are largely random. When particle volume fraction 
increases and particles are starting to “see” each other, interaction between particles plays an 
important role in determining the overall behaviour. Colloidal particles interact in various ways e.g. 
surface potential, dispersion, depletion and hydrodynamics. Hydrodynamics forces arise from the 
effect of a flow field generated by the motion of one particle on another, which is the basis of many 
equations discussed in section 2.2.1. Dispersion force is a quantum mechanics effect due to the 
instantaneous fluctuations of electron cloud of atoms producing instantaneous localised positive or 
negative charges and enabling temporary attractive or repulsion forces. Depletion attraction is due to 
the presence of soluble polymers making space between nearby particles inaccessible. The overall 
interaction is determined by the combined effect of all the forces acting on the colloids.  
Interaction between particles was first realised by J. D. van der Waals in 1870s as a part of study on 
properties of gases deviating from ideal conditions[117]. The van der Waals interaction was then 
characterised as an instantaneously induced dipole-dipole interaction by F. London in 1930s[118]. 
The simplest form of London-van der Waals interaction potential (UA, between two flat surfaces, per 
unit area) is  
𝑈𝐴 = −
𝐴
12𝜋𝑟2
          (2.2-13) 
r is separation distance and A is a coefficient of interaction which is as a function of materials of 
colloid and solvent. The coefficient A is known as the Hamaker constant named after H.C. 
Hamaker[119] who first proposed a method to numerically represent London- van der Waals 
attraction between two spheres.  
Surface characteristics is important in determining the interaction between particles due to the high 
specific surface of colloids. Dispersed colloids can carry charges on their surface by various means 
such as surface function group, adsorption of free ions or adsorption of polyelectrolyte polymers or 
surfactants. The electrostatic interaction between colloids is represented by the classic double-layer 
model proposed by Otto Stern in 1924[120], which combines the previous Helmholtz model 
(adsorption of two layers of oppositely charged ions) with Gouy-Chapman model (diffusional 
distribution of charges from surface).  
Figure 2.12 shows a schematic of Stern’s double layer scheme in which the innermost layer of ions 
is adsorbed on the surface, forming the Stern layer. A layer of oppositely charged ions are attracted 
by the Stern layer. The potential at this distance, just beyond Stern layer is the zeta (ξ) potential and 
can be measured by electrophoretic mobility. Ions within Stern layer are immobile, such that the 
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potential decays linearly with distance like a capacitor. Beyond the Stern layer, ions can diffuse 
resulting in an exponential decay in electrostatic potential with distance, with a decay constant known 
as the Debye length κ-1:  
𝜅−1 = √
𝜀𝑘𝑏𝑇
𝑒2 ∑ 𝑧𝑖
2𝑛𝑖𝑖
         (2.2-14) 
ε electron permittivity of solvent, kb is Boltzmann constant, e is the elementary charge for electron, 
zi is the valence of the ions, and ni is the number density of ions. The term  ∑ 𝑧𝑖
2𝑛𝑖𝑖  is known as the 
ionic strength of solution.  
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Figure 2.12 Schematics of double layers around colloids  
The electrostatic force between particles become significant when their electrostatic fields overlap. 
However, electrostatic interaction between charged colloids in solution is different to that between 
two charged objects in vacuum. The overlap of double layers causes a localised increase of ion 
concentration between two colloid which results in a higher osmotic pressure pushing colloids apart. 
Following Derjaguin’s approximation [121], the electrostatic repulsion (UR, per unit area) between 
two identical colloids is given as:   
𝑈𝑅 = 64𝑘𝑏𝑇𝑛𝜅
−1 𝑡𝑎𝑛ℎ2(
𝑧𝑒𝜓0
4𝑘𝑇
)𝑒−𝜅𝑟       (2.2-15) 
𝜓0  the surface potential of the colloids and term 𝑡𝑎𝑛ℎ(
𝑧𝑒𝜓0
4𝑘𝑇
)  is known as the effective surface 
potential. The overall interaction between two colloids can be expressed as a combination of 
dispersion attraction and electrostatic repulsion. DLVO model is a classic theory for quantifying 
particle interaction, proposed by, and named after, Derjaguin & Landau [122] and Verwey & 
Overbeek [123]. The DLVO potential (UDLVO) involves a linear addition of London-van der Waals 
attraction and electrostatic repulsion: UDLVO= UA+UR. Figure 2.13 shows a typical appearance of 
DLVO potential energy curve which includes a primary minimum, a repulsion barrier and a second 
minimum.  
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Figure 2.13 Schematics of DLVO potential curve   
Light blue line: electrostatic repulsion (eqn. 2.2-15); and dark blue line: London-van der Waals attraction (eqn. 2.2-
13). The dashed line illustrates the addition of these two interactions showing a repulsion barrier.  
 
2.2.4.2 Colloidal Stability 
Systems with a sufficiently high repulsion barrier are considered kinetically stable over an observable 
time, despite all colloidal systems being inherently thermodynamically unstable. The height of the 
repulsion barrier (Umax) is a function of Debye length (from eqn. 2.2-15 UR decays exponentially with 
κ-1) and consequently determined by solution ionic strength (eqn.2.2-12). The electrolyte 
concentration that eliminates the repulsion barrier (resulting UDLVO(r) =d UDLVO(r)/d r=0) is 
calculated as the critical flocculation concentration (nc):  
𝑛𝑐 =
49.6
𝑧6𝑙𝑏
3 (
𝑘𝑏𝑇
𝐴
)          (2.2-16) 
lb is Bjerrum length lb=e
2/4πεkbT. Value of nc is strongly influenced by ion valence which is known 
as Schulze-Hardy rule. When salinity of solution reaches the threshold nc, the colloidal suspension is 
destabilised causing flocculation as particles start to contact with each other forming aggregates. 
Flocculation is a non-equilibrium state that eventually leads to phase separation, gelation, or 
sedimentation. The process of flocculation can be represented and examined by its initial step: 
formation of doublets. Rate of doublets formation is expressed as:  
−
𝑑 𝑁1
𝑑 𝑡
= 𝑘𝑓𝑁1
2         (2.2-17) 
N1 is number density of primary particles and kf is the rate constant for fast aggregation. The fast 
aggregation is defined as a condition for non-interacting particles such that every collision would 
form a doublet. The kf was conceptually proposed and firstly calculated by von Smoluchowski [124] 
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as a quantitative measurement of colloidal stability, which has been subsequently refined, by e.g. 
Derjaguin [125], Spielman et al. [126], and Honjg et al. [127], to incorporate with DLVO potential 
and to include hydrodynamics interactions:  
𝑘𝑓 =
8𝑘𝑏𝑇
3𝜂𝑠
          (2.2-18) 
ηs is viscosity of solvent. From equation 2.2-18, the rate constant is proportional to the diffusional 
constant (eqn. 2.1-1). Interactions between colloids could slow down the flocculation process, such 
that the stability of colloidal system can be expressed by the ratio between the real (slow) aggregation 
rate constant (ks) and the fast rate (kf) constant for doublet formation:  
𝑘𝑓 = 𝑘𝑠𝑊          (2.2-19) 
W is called Fuchs stability ratio which was firstly introduced by Fuchs [128] as an extension for 
Smoluchowski’s theory. Following ref. [125-127], the stability ratio is expressed as:  
𝑊 = 2𝑎 ∫
𝑒𝑈/𝑘𝑏𝑇
𝑟2𝐺(𝑟)
𝑑𝑟
∞
2𝑎
         (2.2-20) 
G(r) is a function describing the resistance to particle motions due to hydrodynamic effects, and U is 
the interaction potential between colloids. Following Prieve and Ruckenstein’s parabolic 
approximation of DLVO potential [129], the W can be reasonably predicted in terms of repulsion 
barrier (Umax) as:  
𝑊 =
1
2𝜅𝑎
𝑒𝑈𝑚𝑎𝑥/𝑘𝑏𝑇         (2.2-21) 
The stability ratio of colloidal systems increases exponentially with magnitude of repulsion barrier. 
According to equation 2.2-13 and 2.2-15, the height of the repulsion barrier (Umax) is a function of 
colloidal surface charge and solution ionic strength. Experimental studies on NCC systems using 
SAXS, SANS and turbidity measurement have shown a significant effect of salinity, ions valence and 
NCC surface charge on colloidal stability and floc formation [54, 59]. The agreement between NCC 
suspension behaviours and above theoretical framework enables us to interpret, rationalise and predict 
colloidal stability of NCC colloids in suspension according to equation 2.2-17~21.  
 
2.2.4.3 Phase Behaviour and Gelation 
Equilibrium phase behaviour of a colloidal system is as a function of two terms: excluded volume 
and interaction potential. For the simplest system comprised of Brownian hard spheres, phase 
behaviour is one dimensional due to the lack of interparticle forces, which leads to the classic theory 
on phase transition such that the system changes from liquid-like to solid-like behaviour at a volume 
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fraction of ϕ=0.54, above which it forms a colloidal glass (isotropic solid phase) until reaching the 
limit of random close packing a ϕ=0.64. The anisotropic shape and charged surface of NCC colloids 
bring additional complexity to its phase behaviour beyond a simple hard sphere model in two ways:  
1. Rod-like shape and surface charge (see section 2.2.1-2.2.3 for exclude volume for colloidal 
rods and double layer for charged colloids) causing effective volume fraction to deviate from 
apparent volume fraction (weight fraction/density).  
2. As an electrostatically stabilised system, particle association and packing is not only a 
function of volume fraction but also interparticle forces. E.g. by adjusting interparticle force 
from repulsion to attraction (see section 2.2.3 and 2.2.4 for colloidal interactions and stability), 
an originally liquid-like colloidal system can be destabilised and exhibit solid-like behaviour 
due to formation of space filling gel structure.  
Following classic theory of colloidal spheres, colloidal rods form a glassy phase at high volume 
fractions. Between fluid and glass states, a transient viscoelastic state exists. Suspensions of rigid 
colloidal rods exhibit a viscoelastic response due to particle entanglement at a very low volume 
fraction [130], which causes a broader compositional range for this transient state of viscoelastic fluid 
state compared to spheres (ϕ=0.49~0.54 for hard spheres [131]). This state also includes lyotropic 
liquid crystal phase which exhibits viscoelastic behaviours [115]. The glass transition is pushed to 
higher volume fraction at conditions of a lower colloidal stability. The stability of charged colloids is 
maintained by electrostatic repulsion, and thus a decrease of stability results from reduced double 
layer thickness (see section 2.2.4.1) which means a smaller equilibrium separation distance between 
particles. Therefore, the effective volume fraction reduces with decreasing colloidal stability, which 
results in the glass transition occurring at a higher apparent volume fraction. Upon the destabilisation 
of a colloidal system, such as with a salinity above the critical flocculation concentration (nc eqn.2.2-
16), particles start to contact with each other forming aggregates or flocs and eventually causing phase 
separation. Following equations in section 2.2.4.2, the colloidal stability is determined by a kinetic 
process of aggregation, which makes the exact points of phase separation a function of volume 
fraction. Particle motion becomes localised at high volume fraction forming an arrested state, under 
which the diffusion-governed aggregation process (section 2.2.4.2) is not applicable. Dynamics of 
particles is arrested due to the excluded volume effect before critical conditions for destabilisation 
and flocculation are reached[132]. The above two effects of volume fraction on aggregation process 
make the phase separation boundary a convex shape with opening toward direction of reducing 
stability instead of a horizontal line at value nc. A schematic phase diagram summarising above 
theories is thus drawn in figure 2.14 where phase separation boundary is marked red.   
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Figure 2.14 Schematic phase diagram of colloidal suspension 
(a) Non-equilibrium gelation; (b) close-to-equilibrium gelation 
When a homogeneous colloidal suspension is brought to an unstable region, it tends to form localised 
dense phase driven by thermodynamics. This kind of inverse diffusional motion of particles causes 
the suspension to separate into a colloid-poor phase and a colloid-rich phase (as indicated by arrows 
in figure 2.14a) known as spinodal decomposition[130, 133]. According to thermodynamics, the 
localised dense phase grows after being separated from colloidal suspension, which eventually leads 
to a sedimentation.  However, the growth of dense phase also results in an increasing cluster 
dimension, such that it inhibits diffusional motion of particles/clusters and consequently prohibited 
the phase coarsening and sedimentation. The phase separated clusters are thus often considered as an 
origin for the formation of a percolation network[134, 135]. With favourable kinetics of phase growth 
and separation, the separated phase can interlink forming a space-filing network structure, which 
leads to a biphasic gel structure[136]. Sufficiently high inter-particle attraction can lead an originally 
repulsive glass to transition to an attractive glass. Attractive glass could form at a lower effective 
volume fraction as attractive interactions increase[137]. The origin of attractive glasses is not yet well 
understood, especially across the transition continuum with repulsive glass and their relationship with 
percolated gel structures. As seen in figure 2.14a, if the phase separation process crosses the spinodal 
line before the glass transition line, the phase separation results in metastable structure with a fluid 
phase and a dense arrested phase due to the glass transition.  The dense phase here is has a morphology 
of an attractive glass[138]. This is a non-equilibrium route of gelation as the process of spinodal 
decomposition is hindered or arrested by glass transition.  
For charged colloids in which there is a long-range (electrostatic) repulsion and short-range (London-
van der Waals) attraction, interparticle potential can be manipulated, e.g. by adjusting ionic strength, 
such that it can achieve a thermodynamic condition can be produced which favours formation of 
clusters with finite size. The phase separation thus occurs at microscopic scale, and that the resultant 
gelation is in a route closer to equilibrium (ideally, the stable gel is formed via equilibrium phase 
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separation into a particle network). This principle of equilibrium gelation has been demonstrated in 
several numerical studies by including a repulsion barrier in inter-particle potential [139-142]. The 
pure equilibrium route is hard to achieve in experimental conditions, and a close-to-equilibrium route 
of gelation can be recognised by the presence of stable clusters (figure 2.14b) before the formation of 
space filling percolation network[143] e.g. as seen in protein/colloid mixtures[144]. At low volume 
fractions, clusters grow as inter-particle attraction increases, and under certain conditions, the 
combined effect of short-range attraction and long-range repulsion results in a net repulsive cluster-
cluster interaction leading to a glassy state made from clusters, which is known as Wigner glass[143]. 
The Wigner glass phase is hard to form in purely electrostatically-stabilised system following DLVO 
potential, as the London-van der Waals attraction becomes significant only if double layer repulsion 
is screened (becomes insignificant) thus it is impossible to achieve both an attraction in short range 
and a repulsion in long range of a comparable magnitude.  
The different arrested states can be characterised by the population distribution of particles with fast 
and slow dynamics, which is represented by mean squared displacement (MSD). The MSD can be 
computed by simulation [145, 146] or measured by time resolved correlation in diffusive wave 
spectroscopy (DWS) for turbid systems (as for all percolated suspensions) [147-149]. A plateau 
(MSD ~t0) can be observed for attraction driven structures known as an attraction cage. For attractive 
glasses, the MSD plateau is located at a length scale of approximately 0.01L2 (where L is particle 
size); while for gels (percolated cluster structure) formed via the close-to-equilibrium route the 
localised length is larger (~L) due to the balance between repulsive and attractive inter-particle forces 
[133, 150]. The diffusive motion is indicated as MSD~t1 which is observed after relaxation time. 
Repulsive glass exhibits a sub-diffusive behaviour (MSD ~ta, a<1) followed by a diffusive region, 
which indicates the absence of attraction cage [147]. Figure 2.15 summarises the expected MSD 
curves for various physical states of colloidal systems.  
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Figure 2.15 Schematics of MSD curves for different states of colloidal suspension.  
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The phase transition and gelation in NCC suspension has not been appropriately characterised in 
existing literatures, in particular there is a lack of recognition for the role of phase separation in the 
gelation process. We thus note the importance for reviewing well-documented literature in gelation 
and arrested dynamics for colloidal suspensions and polymer solution in general, which can benefit 
the understanding of gelation and phase transition behaviour of NCC suspension. Different arrested 
states have been observed for charged colloids with anisotropic shapes by varying solution ionic 
strength and colloidal volume fraction such as Laponite [151-153], Cloisite [154], and 
montmorillonite [155]. NCC as a charged colloidal rod is very likely to be able to form multiple 
arrested phases, all of which may not have yet been identified. Furthermore, by manipulating surface 
potential as a function of ionic strength, such as by using different type of electrolyte, degree of 
equilibrium for gelation process can be adjusted, which thus leads to the formation of different gel 
structures with distinct mechanical/physical properties.  
 
2.2.5 Rheology of Flocculated Suspensions 
Rheological observations covered in section 2.2.1 and 2.2.3 are for suspensions where there is no 
contact between colloids. When inter-particle forces become attractive, colloids start to aggregate 
forming clusters, gels or glasses depending on colloidal stability and volume fraction (see section 
2.2.4). Particle dynamics are arrested in these states, which consequently brings significantly different 
response upon perturbations such as shear flow leading to characteristic observations in rheological 
measurement. The inter-particle forces between NCC can become attractive upon presence of 
electrolyte at sufficient concentration [60, 61], which makes it possible for NCC suspensions to be 
prepared at these arrested states. Therefore, it is necessary to review relevant rheological signatures 
of flocculated systems to a better understand NCC suspension rheology at arrested states.  
Attraction-driven states always involve a percolated cluster/network structure which deforms and 
eventually breaks from increasing imposed shear stress. The breakage of percolated clusters depends 
on the applied shear rate. Sonntag and Russel proposed the following relationships between number 
of particles per cluster (Nfloc) and shear rate for large isolated flocs made from polystyrene[156]:  
𝑁𝑓𝑙𝑜𝑐 ∝ (𝜂𝑠?̇?)
𝑛         (2.2-22) 
𝜂𝑠 is the viscosity of medium. The exponent n was reported to be -0.9 by Sonntag and Russel for 
single cluster, but is seen ranging from -0.3 to -0.4 in most conditions due to presence of multiple 
aggregates that not all stress is transmitted to clusters[74, 157]. Shear flow does not result in breakage 
of the percolated structure into uniform shape and size [158], and the apparent viscosity of suspension 
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(η, additional resistance to stress) is a function of the largest length of all dimensions of cluster as a 
fractal [159],  
𝜂 ∝ 𝑁𝑓𝑙𝑜𝑐
3/𝐷𝑓−1         (2.2-23) 
Df is fractal dimension. According to equation 2.2-22, 23, flocculated colloidal system exhibits a 
power-law shear-thinning behaviour due to breakup of percolated clusters. By studying scaling or 
power-law dependence in rheological behaviours, it is possible to estimate relevant structural 
parameters for clusters e.g. Shih et al. [160] reported Df =2 for alumina gels which was agreed with 
light scattering results.  
Rheological properties vastly change at the transition point from liquid to solid, e.g. divergent 
viscosity and build-up of yield stress[161]. The liquid-solid transition (LST) can take place in a very 
narrow range [162, 163], which makes it an on-going challenge to accurately determine LST 
conditions. The applied shear can break the newly formed fragile structure and cause an apparent 
delay of detected gelation points, such that the dynamical moduli for a range of frequency measured 
by small-amplitude oscillation (SAO) shear provides more details about the gelation process. The 
LST is a transition from liquid-like behaviour (G’~ω2, G’’~ ω) to viscoelastic solid-like behaviour 
(G’, G’’ almost independent on frequency). In cases of gelation induced by fractal growth, the 
distribution of relaxation frequency gradually broadens, until reaching critical gelation point signalled 
by:  
 𝐺′(𝜔), 𝐺′′(𝜔) ∝ 𝜔𝑛         (2.2-24) 
It represents a self-similar relaxation overall all scales, and can be observed as tan (δ), the ratio 
between G’’ and G’, independent of frequency, which is known as Winter-Chambon criteria [164]. 
The system behaves solid-like after the LST with G’>G’’. For n=0.5 (which is the case for most 
chemical gels) in equation 2.2-24, the cross-over of G’ and G’’ occurs simultaneously at all 
frequencies[165], which enables  interpretation of the cross-over for one frequency as the LST. 
However, physical gelation (e.g. due to destabilisation) is commonly seen in colloidal system where 
n is not equal to 0.5, and consequently the G’=G’’ does not take place simultaneously at all 
frequencies[163]. In this case, the measurement of dynamical moduli over a range of frequency is 
necessary to determine LST conditions which can be signalled by the point where tan (δ) converges 
at several frequencies.  
Gel strength is an important parameter to describe the property of viscoelastic solid materials 
produced from gelation. The gel strength is primarily represented by elastic modulus (G’) and yield 
stress (σy). For flocculated gels, G’ and G’’ are nearly independent of frequency, at least on a 
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logarithmic scale. Therefore, it is possible to use a single-frequency value to evaluate the viscoelastic 
behaviour. In most systems, G’ exhibits a power-law dependence on volume fraction [166-168],   
𝐺′ ∝ 𝜙𝜇          (2.2-25) 
For gels with a percolated network structure, exponent μ is reported as 2~3[169, 170]. Yield stress, 
defined as the critical stress above which the load-bearing structure breaks and the material starts to 
flow, can also provide useful information regarding the mechanics and structure of colloidal gel. 
Yielding is a strongly time-dependent behaviour, such that the yielding point can be measured by 
various ways e.g. Bingham or Hershel-Bulkley yield stress from fitting of steady-state flow curve or 
peak stress at start-up flow measurement[171]. Yield stress is a function of the number of bonds 
between colloids and the force required to pull colloids apart, which is proportional to the ϕ2/a2 where 
a is particle size:  
𝜎𝑦~
𝜙2
𝑎2
(
𝑑 𝑈
𝑑 𝑟
)𝑚𝑎𝑥         (2.2-26) 
the dU/dr term is the force between particles represented by the first derivative of potential curve. In 
reality, this term is not often quantitative but provides a measure to rationalise the data e.g. scaling 
the yield stress with measured zeta potential. By applying analogous operation to equation 2.2-26 for 
G’ in the linear viscoelastic regime, G’ is scaled with the second derivative of the interaction potential 
at it local minimum (attraction well)[101],   
𝐺′~
𝜙2
𝑎
(
𝑑 2𝑈
𝑑 𝑟2
)|
 𝑈𝑚𝑖𝑛
         (2.2-27) 
By applying DLVO theory with necessary approximations, it suggests the following dependence of 
yield stress[172-174] and elastic modulus[168, 175] on volume fraction (ϕ), particle size (a) and zeta 
potential (ζ),  
𝜎𝑦 ∝ 𝜙2ζ2𝑎−1         (2.2-28) 
𝐺′ ∝ 𝜙2ζ          (2.2-29) 
Equation 2.2-29 shows that G’ is independent on particle size. Note that above equations are valid 
for percolated gels with volume fraction not too close to the LST, and that behaviour deviates when 
volume fraction of colloidal system increases beyond the glass transition or decreases approaching 
the LST.  
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2.3 Rheology of Aqueous Nanocrystalline Cellulose Suspensions 
Nanocrystalline cellulose is a rod-like charged colloid when dispersed in aqueous solutions. It has an 
anisotropic shape and a repulsive interaction between particles at low ionic strength, which leads to 
arrested dynamics of NCC particles due to a jamming effect at a relatively low NCC content compared 
to spherical colloids with the same volume fraction. The interaction becomes attractive when ionic 
strength increases beyond a critical value, and under these conditions NCC particles are locked to 
each other by strong interparticle attraction and it forms a cross-linked gel structure. These properties 
influence the dynamics of dispersed NCC particles and particle-solvent interaction, which 
consequently leads to characteristic responses of NCC suspensions upon deformation and flow. 
Rheology is an ideal tool to study these responses by providing linear or non-linear deformations to 
system, thereby enabling characterisation of a distinct structure-properties relationship.  
Rheological studies of NCC aqueous suspension focused on two aspects: liquid crystallinity and 
gelation behaviour. The rheological behaviour due to liquid crystallinity of colloidal suspension was 
discussed in section 2.2.3, and rheology of flocculated colloidal systems including gelation was 
reviewed in section 2.2.5. This section will cover the specific rheological signatures and the gelation 
(liquid-solid transition) of NCC suspensions.  
 
2.3.1 General Observations 
The rheological characteristics of sulphonated NCC aqueous suspensions arise from their lyotropic 
liquid crystallinity and hydrogel forming (liquid-solid transition) behaviours. As dispersions of 
charged colloidal rods, NCC aqueous suspension exhibits an isotropic liquid state in the dilute regime, 
an anisotropic (liquid crystal) phase at intermediated concentrations, and a soft solid phase at high 
concentrations due to the volume filling effect. Critical concentrations for transitions between states 
depend on the source, aspect ratio, and surface charge of the NCC. Each phase demonstrates 
distinctive responses to both linear and non-linear deformations as a function of NCC volume fraction.  
In the dilute regime, the behaviour of NCC suspension is governed by almost pure diffusional 
dynamics that follows theories depicted in previous section;  Cassagnau et al. [68] showed that the 
low-shear viscosity of dilute NCC (<0.85 wt%) scaled with ϕ3,  in agreement with classic Doi-
Edward’s relation (eqn. 2.2-3 and 2.2-4). The flow-curve of dilute isotropic NCC suspensions shows 
two regions: a Newtonian plateau at low shear rates where diffusional motion is dominant and a shear-
thinning at higher shear rates due to the alignment of particles parallel to the flow. The flow-induced 
alignment of cellulose rods was first reported by Marchessault et al. in 1961[176] by observing shear-
thinning behaviour at high shear rate. The rod alignment-shear rate relationship was further 
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investigated by Orts et al.[48] using small angle neutron scattering to directly view the ordering of 
cellulose rods at different shear rates. By plotting order parameter together with viscosity as a function 
of shear rate, Orts revealed that the shear-thinning behaviour was in accordance with the build-up 
process of order parameter, and viscosity reached a plateau coinciding with plateauing of the order 
parameter.  
NCC aqueous suspension forms a lyotropic liquid crystal phase when its volume fraction goes beyond 
the critical isotropic-nematic transition fraction.  Some literatures reported a three-region flow curve: 
initial shear thinning at low-shear, a plateau at intermediate shear rates, and another shear-thinning at 
high-shear [71, 177-179]. This phenomenon has been seen in other lyotropic or thermotropic liquid 
crystal polymer suspensions and is suggested due to the disclinations between liquid crystalline 
domains, as discussed in section 2.2.3. Haywood et al. [51] characterised this three-region flow curve 
using small angle neutron scattering by expanding the compositional range examined by Orts et al. 
[48]. Liquid crystalline suspensions have been included in Haywood et al.’s work, which revealed 
that the order parameter also shows a tri-partite dependence on shear rate for NCC suspensions in the 
liquid crystal state. This is in accordance with the three-region flow curve (figure 2.16).  
 
Figure 2.16 Viscosity and order parameter of NCC suspensions as a function of shear rate. 
(Reproduced from ref. [51] with permission from Royal Society of Chemistry) 
NCC vol%: 3.83 (purple circle), 4.5 (orange triangle), 5.16 (blue square), 5.83 (red diamond) 
The measurable viscoelastic response of NCC suspensions can be observed when the liquid 
crystalline phase starts to separate from isotropic suspension (figure 2.17). Suspensions show a 
viscoelastic liquid behaviour with tan (δ), the ratio between G” and G’, greater than 1 in the biphasic 
region where isotropic and liquid crystalline phases coexist. For single phase liquid crystalline 
suspension, tan(δ) <1 is observed over a range of frequencies, while the system behaves 
viscoelastically with G’, G” ~ωn, 0<n<2 [70, 71]. Further increase in NCC fraction results in a self-
sustaining soft solid, termed a gel in some literature, with predominant elastic behaviour with G’, G” 
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~ ω0, and exhibiting a yield stress [73, 178]. The dynamics of particles in this state is arrested by close 
packing between particles as NCC content goes beyond a critical jamming fraction. Therefore, by 
means of more rigorous definition, NCC soft solid formed under these conditions is a colloidal glass 
as its solid-like response originates from volume filling effect rather than a percolated network [180-
182].  
 
Figure 2.17 Dynamic moduli of NCC suspensions as a function of NCC volume fraction. 
(Reproduced from ref. [70] with permission from American Chemical Society) 
Frequency (rad/s): 0.1 (red diamond), 1 (blue square), 10 (orange triangle), 100 (purple circle).  
 
2.3.2 NCC Suspension Rheology as Function of Temperature and Ionic Strength 
Besides NCC volume fraction, the dynamics of NCC particles in aqueous suspension, as a dispersion 
comprised of charged colloidal rods, is also a function of inter-particle forces which are subject to 
environmental parameters of solution such as temperature or ionic strength. The change in particle 
dynamics and interactions can directly affect the rod packing in the microstructure of NCC 
suspensions, and resultant rheological behaviours. Significantly large change in both temperature and 
ionic strength can cause gelation of NCC suspension due to loss of colloidal stability, and will be 
discussed in section 2.3.4. The rheology variation as a function of temperature and ionic strength for 
NCC suspensions in liquid or glassy states is covered here.  
Shafiei-Sabet et al. [71] observed this two-fold effect of temperature on suspension viscosity as a part 
of a comprehensive characterisation of NCC suspension rheology. For samples in an isotropic state, 
increase in temperature results in a lower viscosity which indicated the diffusion-dominant situation. 
A significant increase in viscosity, especially in the low-shear rate regime, has been observed when 
temperature rises above 40 °C.  However, a definitive origin was not been suggested in that study for 
this observed non-monotonic dependence of viscosity on temperature. Onsager’s theory of liquid 
crystallinity [75] and its further refinements [69, 183, 184] indicates that a liquid crystalline phase 
forms in suspensions of anisotropic particles upon cooling, while increasing thermal diffusion drives 
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suspensions to an isotropic state (see section 2.2.2). As the result, temperature affects the rheological 
behaviour of NCC suspension in two ways: (1) thermal diffusion of both NCC particles and solvent 
molecules increases with increasing temperature, which generally causes a decrease in viscosity; (2) 
melting of liquid crystalline phase occurs at elevated temperature, which causes an increase in 
viscosity. This implies that the increase in low-shear viscosity of NCC suspensions at elevated 
temperature is due to the melting of liquid crystalline phase. At the same volume fraction, suspensions 
in an isotropic state have a higher viscosity due to larger degree of entanglement between rods 
compared with liquid crystalline suspensions with structural order [69]. Shafiei-Sabet et al. [71] also 
observed that viscosity was independent of temperature for glassy NCC suspensions at high volume 
fraction, suggesting that the temperature range studied (up to 50 °C) cannot melt the NCC glasses.  
Solution ionic strength also has a two-fold effect on NCC suspension rheology: (1) presence of ions 
compresses double layer of NCC particles via the Debye screening effect reducing effective volume 
fraction and consequently decreasing viscosity; (2) an increase in solution ionic strength destabilises 
the liquid crystalline phase driving the system to an isotropic state (figure 2.18), which, similarly to 
the effect of temperature, increases low-shear viscosity and eliminates the liquid crystalline behaviour 
such as tri-partite flow curve.  
Salt More Salt
Liquid crystalline phase Reduced hydration layer
Isotropic phase
Increased low-shear viscosity
Decreased high-shear viscosity  
Figure 2.18 Schematics of Ionic strength effect on effective volume fraction and phase transition of 
charged colloidal rod suspension. 
Boluk et al. [112] and Shafiei-Sabet et al. [185] additionally investigated the effect of ionic strength 
on NCC suspension rheology. Isotropic NCC suspensions show a decreased viscosity with increased 
solution ionic strength. For NCC suspensions in the liquid crystalline state, increases in solution ionic 
strength causes an increase in low-shear viscosity but a decrease in high-shear viscosity. This is in 
agreements with the aforementioned principles of two competing effects. When shear rate is low, 
viscosity is primarily dependent on the original structure of suspension, such that for identical volume 
fraction, the isotropic phase has a higher viscosity than liquid crystalline phase. At high shear rates 
when NCC rods are completely aligned in the direction of flow, the viscosity is more dependent on 
hydrodynamic interaction which is a function of effective volume fraction, such that increases in ionic 
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strength result in a lower high-shear viscosity due to the reduced thickness of surface double layer of 
NCC particles. Shafiei-Sabet et al. [185] also observed that the liquid crystalline behaviour (region I 
shear-thinning) diminishes with increases in salinity and the flow-curve shows a single power-law 
shear thinning for salinity above 10 mM,  
 
2.3.3 Glass Transition of Aqueous NCC Suspensions 
Liquid-solid transition is observed in colloidal suspensions when the volume fraction of dispersed 
colloids increases. Above a critical volume fraction, particles are arrested due to jamming resulting 
in a glassy state. This causes the overall rheological response to shift from liquid-like to solid like 
(generally elastic behaviour with yield stress). Besides volume fraction, particle shape can 
significantly affect the microstructure in which particle dynamics becomes arrested, i.e. long rods can 
form a dynamically arrested state due to entanglement (prohibited rotational diffusion) at a volume 
fraction much below jamming, which forms a network structure termed a “gel” in contrast to “glass” 
(which forms at high volume fraction). Solomon and Spicer[52] summarised various colloidal rod 
dispersions in terms of rod aspect ratio and microstructure where solid-like elasticity is observed, in 
which ϕ=0.7/pa was provided as a guideline for the boundary between glass-forming and gel-forming 
systems.  
Figure 2.19 shows the relationship between reported liquid-solid transition fraction and rod aspect 
ratio of sulphonated NCC, which I generated from an extensive set of literature on a wide variety of 
NCC sources. Liquid-solid transitions for NCC dispersions are generally located near the theoretical 
liquid-solid boundary (ϕ=0.7/pa). Note that NCC volume fractions for points in figure 2.19 represent 
critical liquid-solid transitions beyond which solid-like elasticity starts to be observed, but not the 
maximum packing fraction. NCC suspensions with higher volume fraction are still possible to be 
prepared for respective systems. This indicates that the preparation process of NCC suspension 
significantly affects the glass-transition fraction; the post-dialysis of NCCs derived from MCC[186], 
cotton fibre[178], switchgrass[178] or marine animals’ tunic[187] lowers glass transition volume 
fraction (ϕ=0.13/pa). Residual salts are removed during dialysis, which leads to a less profound 
electrostatic screening effect and thus results in a thicker double layer and higher effective volume 
fraction. Presence of salt reduces double layer and consequently pushes the glass transition to a higher 
volume fraction. Because dialysed NCC suspension represents an almost salt-free condition and 
highest possible effective volume, by fitting point e, f, g and j in figure 2.19, I show a boundary 
between liquid-like and solid-like behaviour of NCC aqueous suspension. The limit in volume 
fraction scales with 0.13/pa (yellow line in figure 2.19), below which solid-like behaviour is not 
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achievable in absence of additional attractive inter-particle force. The attraction driven structures are 
discussed in next section.  
 
Labels (reference, source):  
a (ref.[70], cotton powder),  
b (ref.[72], wood),  
c (ref.[188], wood),  
d (ref.[71], wood),  
e (ref.[186], MCC),  
f (ref.[178], cotton fibre), 
g (ref.[178], switchgrass),  
h(ref.[189], CNF),  
i (ref.[190], bacteria cellulose), 
j (ref.[187], tunic of marine animal). 
 
Red line (ϕ=0.7/pa) indicates the theoretical glass transition composition [52]. 
Blue line (ϕ=5.4/pa) indicates the maximum packing fraction [52]. 
Yellow line (ϕ=0.13/pa) represents liquid/solid boundary for dialysed suspension, fitted for e, f, g and j. 
After hydrolysis in sulphuric acid, NCCs are washed by deionised water and naturalised by titration of NaOH 
(points a, b, c, d, h) or by dialysis against deionised water (points e, f, g, i, j). 0.7 mM salt was added into NCC 
suspension marked by “i”, which made it behave more like un-dialysed ones. NCCs listed in figure 2.10 have similar 
size distribution (standard deviation ~ 0.5 average size) and surface substitution (~0.89~1 wt% sulphur on dry 
cellulose basis). 
Figure 2.19 Map of liquid-solid transition volume fraction for aqueous suspensions of NCC. The 
data is obtained from ten different sources as stated in legend.  
 
2.3.4 Gelation of Aqueous NCC Suspensions 
Variation in temperature, solution ionic strength and presence of polymers can result in destabilisation, 
aggregation, flocculation or phase separation of NCC aqueous suspensions by altering particle 
interaction from repulsive to attractive. The attractive interaction between NCC particles will “lock” 
them together to form a cross-linked gel structure (figure 2.20). This consequently leads to a 
dynamically arrested state that can form at volume fractions much lower than those listed in figure 
2.19.  
Nordenstrom et al. [190] investigated liquid-solid transition for several colloidal nanocellulose 
suspensions using dynamic light scattering, and proposed that the dependence of threshold volume 
fraction for arrested state is inversely proportional to aspect ratio, similar to figure 2.19. Nordenstrom 
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et al. also showed that the arrested state with attractive inter-particle forces differs from glassy state 
in terms of reversibility of structure upon dilution or shear flow, which indicates the formation of 
percolated gel. By using small angle neutron scattering, Cherhal et al. [54] show that the aggregation 
process of NCC suspension upon destabilisation follows a self-similar scheme with fractal dimension 
(Df) ~2.1 for charged NCCs, and that the threshold volume fraction for percolation is ~0.15 vol%. 
The destabilisation of NCC suspensions shows an agreement with the Schulze-Hardy law that the 
critical aggregation salinity is strongly dependent on ion valence but independent of NCC 
concentration [59].  
a b
c d
 
Figure 2.20 SEM pictures for NCC gels formed with 4wt% NCC  
NCC suspensions are with (a) 50 mM NaCl, (b) 50 mM MgCl2, (c) 50 mM AlCl3 (reproduced from ref. [47] with 
permission from American Chemical Society); and (d) treated at 120oC for 20 hr (reproduced from ref. [191] with 
permission from American Chemical Society ).  
Aggregation, phase separation and gelation of NCC aqueous suspension enables the formation of 
NCC-based hydrogels with cross-linked network structure comprised of a colloid-rich dense phase. 
Chau et al. [47] reported a hydrogel formed by NCC aqueous suspension at high ionic strength (~ 50 
mM NaCl) with relatively low volume fraction (~1.3 to 3.3 vol%). The ion-induced gelation of NCC 
is due to the destabilisation of colloidal dispersion via the Debye screening effect forming a 
flocculated gel. The use of multivalent ions resulted in a much lower volume fraction required for 
gelation, in agreement with classic Schulze-Hardy rule (critical aggregation concentration of 
electrolyte scales with ion valence by power of -6) which has been shown to be applicable for NCC 
suspensions[59]. From Chau et al.’s study [47], the mesh size of NCC hydrogel decreases with ion 
valence (figure 2.20 a-c, mesh size in NCC-Al3+<NCC-Mg2+<NCC-Na+), however the rigidity 
increases with ion valence (G’ for NCC-Al3+>NCC-Mg2+>NCC-Na+). This is seemingly, as 
suggested by authors, contrary to conventional viscoelastic theory, and the authors do not provide a 
definitive explanation for it.  I suggest that it follows theories on the rheology of flocculated 
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suspensions (see section 2.2.5).  In flocculated suspensions, the strength of flocculated network is 
dependent on (1) the number of bonds (which is a function of volume fraction and particle size); and 
(2) the force required to stretch and pull apart these bonds (which is a function of the force field 
curve). The use of multivalent ions causes strong aggregations of NCC suspension due to the large 
degree of “sub-cooling” (destabilisation), which results in large and rigid fibre-like aggregates due to 
a larger attractive force between NCC particles. The resultant structure of the NCC hydrogel with 
multivalent ions has a higher rigidity but a lower number of network connections.  
Lewis et al.[191] observed a similar cross-linked structure for NCC suspensions after high-
temperature treatment (figure 2.20d). High temperatures cause de-sulphation of the NCC reducing 
electrostatic repulsion between particles and consequently destabilising the suspension, leading to 
aggregation and then gelation. The de-sulphation temperature of sulphonated NCC is generally much 
higher than achievable temperature at atmosphere pressure[24], therefore, the temperature-induced 
gelation of NCC aqueous suspension requires a high pressure equipment to allow temperature of 
aqueous suspension beyond 100 oC for the presence of aqueous phase that will evaporate. NCC gels 
formed during high-temperature treatment showed an increase in structural strength as assessed using 
small amplitude oscillatory shear (i.e.  G’ measurement). The higher temperature causes a larger 
degree of de-sulphation and therefore a higher attractive interaction between NCC particles. This 
temperature-induced NCC gelation is not reversed by cooling, but exhibits thixotropic recovery to 
some extent after shear [191].  
The presence of water-soluble polymers also assists in the flocculation of NCC in aqueous suspension 
via depletion attraction or bridging effect (due to adsorption to the NCC surface).  This can gel the 
suspension so it forms a dynamically arrested state at NCC volume fraction lower than glass-forming 
fraction, as seen in ref. [57, 61, 192, 193]. Unlike temperature –induced NCC gels, structures and 
strength of NCC gels formed due to variation in ionic strength or presence of polymers can generally 
recover after non-linear shear deformation.  
 
2.4  Liquid Crystalline Behaviour of Aqueous Nanocrystalline 
Cellulose Suspensions 
According to Onsager’s theory (see section 2.2.2), colloidal rods spontaneously form an ordered 
liquid crystalline phase when concentration increases above the critical isotropic-nematic (I-N) 
transition fraction. The surface of NCCs extracted from hydrolysis in sulphuric acid contains sulphate 
groups due to an esterification reaction, which produces an electrostatic field and thus a stability in 
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aqueous suspension. The negative charge of the NCCs results in a twisting effect to minimise “contact” 
area for electrostatic repulsion (see section 2.2.2 and 2.2.4). This spontaneous twisting between rods 
leads to the NCC to form a lyotropic chiral nematic (a.k.a. cholesteric) phase, instead of simple 
nematic. This lyotropic chiral nematic phase has a helical ordering in the direction perpendicular to 
the orientational director (figure 2.10). The presence of a chiral nematic phase was reported for 
suspensions consisting of charged rigid colloidal rods such as tobacco mosaic virus [194], 
polyelectrolyte [91] and boehmite [93], some of which have been discussed in section 2.2.2. The 
chiral nematic phase in sulphonate NCC aqueous suspensions was firstly reported by Revol et al. in 
1992 [6] where a phase separation into an isotropic fluid and a liquid crystalline state was observed 
when concentration went beyond a critical value (by evaporation of water).   
This section of the literature review aims to provide some insight into the isotropic-liquid crystalline 
transition in NCC aqueous suspensions including how environmental parameters such as temperature 
and ionic strength affect suspension liquid crystallinity. Considering rod interaction and packing are 
important in determining the overall behaviour of NCC suspension including its rheology, a review 
of liquid crystalline behaviour of NCC aqueous suspension is helpful in understanding and 
interpreting rheological and microstructural observations.   
 
2.4.1 Isotropic- Liquid Crystalline Transition 
Onsager’s theory reveals that, in suspensions of rigid rods, the isotropic configuration is 
thermodynamically unfavourable above the critical I-N volume fraction (ϕI/N), and so isotropic NCC 
suspensions phase-separate form a coexisting liquid crystalline phase. For further increases in volume 
fraction above ϕI/N, the proportion of liquid crystalline phase (volume of liquid crystalline phase/total 
volume) increases almost linearly with respect to NCC volume fraction, as reported in several studies 
[96, 195, 196], until reaching a volume fraction (ϕLC) at which single-phase liquid crystalline 
suspension is observed. The isotropic-liquid crystalline phase separation is a slow process which can 
take a long time (20 days to a few months) to reach equilibrium [46]. Further increase in volume 
fraction results in jamming and formation of birefringent NCC colloidal glass (see section 2.3.3).  
According to Onsager’s theory, the critical volume fraction for the isotropic-nematic transition is a 
function of the excluded volume of rods (eqn. 2.2-7) and thus it should be scaled with L2D instead of 
aspect ratio that is used in figure 2.19 for liquid-solid transition. I reviewed values for ϕI/N and ϕLC 
reported for NCC with similar surface charge and size distribution, which were summarised in figure 
2.21; ϕI/N and ϕLC generally exhibit a power-law dependence on L2D with exponent -0.25 and -0.11 
respectively. 
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Labels (reference, source):  
a (ref. [195], kraft), 
b (ref. [196] , black spruce), 
c (ref. [196] , black spruce), 
d (ref. [96], filter paper), 
e (ref. [196] , black spruce), 
f (ref. [196] , eucalyptus), 
g (ref. [46], wood), 
h (ref. [70], cotton powder), 
i (ref. [199], algae), 
j (ref. [199], tunicate), 
k (ref. [100],bacterial cellulose). 
 
Red line (ϕI/N=1.7/ (L2D)0.25, R2=0.97) indicates the onset of isotropic-anisotropic phase separation. 
Blue line (ϕLC=5.6/ (L2D)0.11, R2=0.80) indicates the single liquid crystalline phase. 
Figure 2.21 Map of isotropic-anisotropic transition for aqueous suspensions of NCC  
Note: the references are taken for NCCs with comparable degree of surface sulphate group (~ 0.89-1 wt% on dry 
cellulose basis) and particle size distribution (standard deviation approximately 30~50% of average value) 
The scaling of the isotropic-anisotropic transition on L2D is independent of the source of NCC, which 
indicates that the degree of crystallinity of NCC rods does not significantly affect the liquid crystalline 
formation process. The range of logarithm of volume fraction in which biphasic phase exists 
(isotropic-liquid crystalline coexisting) widens with increasing L2D. Note that despite the clearly 
defined scaling relation of ϕI/N and ϕLC with L2D, figure 2.21 does not follow classic Onsager’s theory. 
According to Onsager’s theory (see section 2.2.), the ϕI/N and ϕLC should scale proportional to L2D 
with an exponent of -1, and the compositional range of the biphasic region should be narrower and 
independent of L2D. The polydispersity of NCC is likely one of the causes of this deviation. NCCs 
derived from natural materials are always polydispersed with a broad peak in particle size distribution. 
Polydispersity of colloidal particle widens the coexisting phase as reported by Odijk & Lekkerkerker 
[197] and Vroege & Lekkerkerker [198]. This is not surprising as long rods tend to form an ordered 
phase at a lower volume fraction according to classic Onsager’s theory, while short rods still remain 
in isotropic suspension. Hirai et al. [100] showed that the average length of NCC in the liquid 
crystalline phase is approximately twice of that in the coexisting isotropic state, such that the 
isotropic-liquid crystalline phase separation in polydispersed system also represents a separation 
according to particle size. The polyelectrolyte nature of NCC also contributed to the deviation from 
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classic behaviour. The increase in NCC concentration leads to an increase in ionic strength which 
interferes the formation of liquid crystalline phase [96]. 
 
2.4.2 Effect of Temperature and Ionic Strength 
As a colloidal behaviour, the isotropic-anisotropic transition of NCC suspension is also a function of 
environmental parameters of ionic strength and temperature. As stated in section 2.2.4, increasing 
solution ionic strength should affect the electrostatically stabilised colloidal rods in two ways: (1) 
compression of double layer due to Debye screening effect; (2) promoted twisting effect due to the 
reduced separation distance between rods. Orts et al. [48] first reported that the spacing between NCC 
rods decreases with increasing ionic strength and results in a lower effective volume fraction, 
consequently drives the system to isotropic behaviour.  
Dong et al. [96] conducted comprehensive studies on the effect of ionic strength effect on liquid 
crystallinity of NCC aqueous suspension, and showed that the ϕI/N and ϕLC increased with increasing 
solution ionic strength. As ionic strength rose from 0 to 2.5 mM NaCl, the originally birefringent 
NCC suspension became completely isotropic. Dong et al. also showed that the concentration of NCC 
at in the liquid crystalline phase and coexisting isotropic phase was not dependent on salinity (NaCl 
and KCl), and weakly dependent on H+ concentration. This differed from behaviour predicted by 
Stroobants- Lekkerkerker- Odijk (SLO) modification [95] of Onsager’s theory (see section 2.2.2 for 
SLO). The deviation was suggested to be a result of polydispersity and that NCCs were separated 
according to particle size. Dong et al. [200] additionally studied the effect of different counter ions 
on liquid crystallinity of NCC aqueous suspension, and concluded that the Cs+ showed most 
significant effect in destabilising liquid crystalline phase and pushing the isotopic-anisotropic 
transition to a higher volume fraction, followed by K+, Na+ and H+. This sequence of counter ion 
effects follows the Hofmeister series of ion specificity on colloidal stability [201], which indicates 
the important role of colloidal stability on the liquid crystallinity of NCC suspension.  
Hirai et al. [100] studied the ionic strength effect on phase separation of bacterial NCC suspension. 
Unlike the above relation where the proportion of liquid crystalline phase decreases with ionic 
strength, this study showed a non-monotonic dependence of liquid crystalline proportion on ionic 
strength. In Hirai et al.’s study, liquid crystalline phase decreases with addition of small amounts of 
NaCl (0.75 mM) and increased upon further increases in ionic strength, with the suspension became 
single-phase liquid crystalline at 2.0mM NaCl (figure 2.22). This observation is not consistent with 
Dong et al.’s work [96] and previous studies on bacterial NCC [202]. The deviation may be attributed 
to that, under certain combination of aspect ratio and surface potential, an increasing ionic strength 
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leads to the formation of another liquid crystalline phase at high ionic strengths. Similar results have 
been reported by a theoretical work by Drwenski et al. [97], which was discussed in section 2.2.2 and 
illustrated in figure 2.8.  
 
Figure 2.22 Liquid crystallinity of 3 wt% NCC suspension with addition of NaCl. (Reproduced 
from ref. [100] with permission from American Chemical Society) 
Temperature can also affect the liquid crystallinity of NCC aqueous suspension. According to 
Onsager’s theory, the liquid crystalline phase melts upon heating due to increasing thermal motion 
which drives the suspension to isotropic behaviour. Only a few works have investigated the effect of 
temperature on NCC suspension liquid crystallinity. From these limited studies, the effect is not 
profound in commonly achievable temperature range (4~80 °C). Nevertheless, the melting of liquid 
crystalline phase was observed as a higher volume fraction required for isotopic-anisotropic transition 
at elevated temperatures, or as a reduced liquid crystalline phase proportion of the biphasic suspension 
upon heating [70, 200]. The temperature effect on suspension liquid crystallinity can also be indirectly 
observed by rheological measurements [71], which has been discussed in section 2.3.2.  
 
2.5 Summary of Literature Review and Scope of Thesis 
Following the previous sections in which relevant classic theories and specific studies were discussed, 
it is clear that the rheological and self-assembly behaviours of NCC aqueous suspensions largely 
depend on colloidal properties such as stability, inter-particle forces and phase behaviours. A vastly 
expanding number of studies and resultant publications haven been so far contributed to the topic of 
NCC aqueous suspension, which greatly assists the understanding and characterising of NCC’s 
colloidal behaviour, rheology and liquid crystallinity and ultimately helps the formation of this 
literature review. Following this extensive review, I identify the following three areas that have a 
limited knowledge base and forms the basis of this thesis.  
1. Connection between rheology and colloidal/liquid crystalline behaviours is not sufficiently 
recognised. 
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This point is two-fold: (i) rheological measurement is not appropriately and frequently used to 
characterise behaviours of NCC suspension; (ii) rheological observations are not adequately 
discussed/rationalised according to theories in colloidal science. The stability, aggregation, and 
formation of gels/glasses are studied via scattering techniques, turbidity measurement or modelling 
surface potential [54, 59, 60, 190], but rheology has not been used to characterised these behaviours. 
Except for a few works on neutron scattering to examine the flow-induced alignment of NCC liquid 
crystalline suspension[48, 51], the lyotropic liquid-crystalline forming properties of NCC aqueous 
suspension are investigated either without[96, 100, 200] or with limited[195, 199] rheological 
measurements. On the other hand, observations in rheology-focused studies are either insufficiently, 
or incorrectly, linked to the colloidal/liquid crystal science. For example, the decreasing viscosity 
with increasing ionic strength was interpreted as an “electro-viscous effect”[185] instead of double-
layer interaction and variation in effective volume fraction, and that G’ is inversely proportional to 
number of network connections was concluded as “inconsistent with general viscoelastic theory”[47], 
which did not recognise the difference between colloidal suspension and polymeric system, which is 
captured by equation 2.2-29 that states the elastic modulus depends on number of cross-links. 
Examples of inappropriate interpretation of rheological observations are not restricted to those listed, 
but these examples are from early and influential works. Such interpretational errors risk misleading 
on-going studies on NCC suspension rheology and gelation.  
The rheology of liquid crystalline suspensions is also not well-characterised. The viscosity-
concentration dependence of isotropic-liquid crystalline transition (as that in figure 2.9) was only just 
realised in a very recent study on NCC suspension [199]. The Region I shear thinning has been 
claimed in some literatures on NCC suspension rheology[61, 71]; however, may be misinterpreted as 
many studies neglect to acknowledge that that Region I can only be observed for a limited range of 
concentration (not for all samples in liquid crystalline state) with a power-law exponent 
approximately -0.5 (see section 2.2.3).  
2. Limited recognition of the complexity of phase behaviour. 
Liquid-solid transitions are 2-dimensional colloidal phase phenomena such that variations in NCC 
volume fraction and inter-particle forces are equally important in determining the overall behaviour. 
However, with few exceptions covering a limited compositional range [47, 67, 185], existing studies 
characterise the effect of either excluded volume [67, 70-72, 199] or of particle interaction (colloidal 
stability)[54, 59, 190] separately on NCC suspension rheology and colloidal behaviour. Figure 2.23 
summarised several rheology-based works on NCC suspensions. Considering that size and aspect 
ratio of NCC colloids can significantly influence the liquid-solid phase behaviours and transitions 
(see section 2.3.3), Onsager’s dimensionless concentration (𝑐 =
𝜋
4
𝐿2𝐷𝑛, see section 2.2.2) is used in 
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figure 2.23 instead of apparent volume fraction in order to account for particle size effect on effective 
volume fraction. As seen figure 2.23, for existing studies with variation in both NCC volume fraction 
and interparticle interaction (e.g. by adjusting ionic strength), NCC concentration is limited in either 
dilute (<1 vol%) [67] or semi-dilute (<3 vol%)[47] regimes, or that the ionic strength evaluated is 
limited to just above the percolation threshold [185]. Current studies on NCC suspension rheology 
and phase behaviour leads to the schematic phase diagram in Oguzlu et al.’s review article [61] 
(reproduced as figure 2.5) in which characteristic rheological observations were linked to roughly 
divided phases with incomplete and inaccurate boundaries.  
Furthermore, the existence of multiple arrested states e.g. attractive glass and repulsive glass in the 
phase map of NCC suspension has not been reported(as see in figure 2.23 where none of existing 
studies characterised NCC suspensions at volume fraction above glass forming fraction and with 
attractive interaction),  despite this behaviour having been well-recognised in many colloidal systems 
with short-range attraction [137]. Figure 2.5 labelled a large area as a “flocculated gel” (~2~7.5 vol%), 
however, the dynamics and behaviour of NCC suspensions with attractive inter-particle forces differs 
significantly between low and high-volume fractions. 
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Solid lines represents literatures without variation in ionic strength: a(ref.[70]), b(ref. [71]) and c(ref.[72]).  
Dashed lines represents compositional range for literature d(ref. [185]), e(ref. [47]), f(ref.[67]) and this work.  
Dotted lines are approximate boundaries for phase identified in above references.  
Figure 2.23 Summary of studies on NCC suspension rheology and phase behaviour.  
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3. Liquid-solid transition and isotropic-anisotropic transition are discussed separately. 
Although a few works[70, 195, 199], have been done on examining rheology as NCC concentration 
is increased to transition from isotropic, to liquid crystalline and then to jammed solid states, to the 
best of our knowledge, there is so far no study on the connection between liquid-solid transitions 
(especially phase separation or gelation process) and isotropic-anisotropic transitions. From 
computational works based on the modified Onsager’s theory [97], multiple liquid crystalline states 
can exist in the concentration-ionic strength phase map of charged colloidal rods suspension (figure 
2.8). The interference of such isotropic-anisotropic phase behaviour on classic liquid-solid phase map 
accounting for phase separation and gelation (figure 2.14) is not yet reported, or at least not 
demonstrated experimentally. As seen in figure 2.23, none of existing works studied destabilisation, 
aggregation and gelation for an originally anisotropic NCC suspension. The dynamics and diffusion 
of particles in the liquid crystalline state differ vastly from those in isotropic states, such that the 
destabilisation and consequent phase separation of an anisotropic suspension brings additional 
complexity to the overall phase behaviours. Considering the presence of a reported re-entrant liquid 
crystalline phase at high ionic strength [100], NCC aqueous suspension provides an ideal system for 
manipulating inter-particle forces to characterise the effect of liquid crystallinity on gelation 
processes in charged colloidal rod suspensions.  
Therefore, from this literature review, we conclude that classic theories in colloidal science and liquid 
crystalline (as discussed in section 2.2) have not been appropriately referred to in rationalising 
rheological observation, or that have not been sufficiently used to characterise and predict the phase 
transitions and behaviours of NCC aqueous suspensions.  
As a result of this review, the following objectives have been proposed for this thesis:  
1. To measure, characterise and link rheological observation on NCC aqueous suspensions with 
colloidal behaviours such as aggregation, stability and microstructures.  
2. To construct a complete liquid-solid phase map via rheological measurements with precise 
phase characterisation, boundaries and transition continua.  
3. To recognise combined isotropic/anisotropic-liquid/solid phase behaviour and investigate the 
effect of suspension liquid crystallinity on gelation process.  
The ultimate goal of this thesis is to provide a comprehensive phase map of NCC aqueous suspensions 
with realisation and characterisation of all achievable liquid/solid and isotropic/anisotropic phases.  
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Chapter 3 
Methodology 
The rheological techniques used to characterise NCC suspensions with the compositions depicted in 
figure 3.1 are the primary focus of this chapter. The source and specifications of nanocrystalline 
cellulose used in this study are also documented in this chapter followed by discussion of the major 
techniques used to characterise the dimension and colloidal stability of NCC including dynamic light 
scattering (DLS), atomic force microscopy (AFM) and zeta potential measurement. Other techniques 
used in morphological characterisation of NCC particles and structural analysis of NCC suspensions, 
which are specific to certain chapters, are presented elsewhere in this thesis. These techniques include 
FT-IR spectrum (chapter 4), scan electron microscopy (SEM, chapter 4), polarised optical microscopy 
(chapter 6), polarised photography (chapter 6), diffusive wave spectroscopy (chapter 7), small angle 
x-ray scattering (SAXS, chapter 7).  
 
3.1 Conceptual Framework 
This chapter presents the experimental techniques used to characterise the rheology and colloidal 
behaviours of NCC suspensions. The objective of this work is to primarily investigate the rheology 
and phase behaviour of NCC aqueous suspension in a sufficient compositional range as per section 
2.5. The key methodology in characterising phase behaviour of NCC suspension (as a dispersion of 
charged colloids), is to establish a compositional grid containing variations in both NCC 
concentration and ionic strength (figure 3.1). This was achieved by diluting concentrated NCC 
suspension to a range from 0.5 to 11.9 weight percentage, and the ionic strength was adjusted to a 
range of 0~1000mM NaCl by titrating with concentrated NaCl solution. The methodology 
summarised in figure 3.1 provides sufficient resolution in determining the phase characteristics and 
transitions for NCC suspensions. The comparison of this compositional range with existing literature 
is illustrated in figure 2.23. The 2-dimensional grid shown in figure 3.1 enables characterisation and 
comparison of NCC suspensions with varied inter-particle forces (y-axis) and colloidal packing 
fraction (x-axis), such that the difference in rheological observations for any two points labelled in 
figure 3.1 could be interpreted as changes in inter-particle force, colloidal packing fraction or a 
combination of these two effects. Recognising that the microstructure of colloidal suspension is a 
function of both inter-particle forces and colloidal concentration and making use of microscopic 
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techniques to confirm the microstructural characteristics, the structure-rheology relationship can thus 
be established.   
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Figure 3.1 Compositions of NCC suspensions studied in this work (marked by cross). 
3.2 Materials 
3.2.1 Nanocrystalline Cellulose 
The nanocrystalline cellulose used in this work was sourced from Maine University Process 
Development Centre (Orono, ME, U.S.) available as 11.9 wt% suspension. The NCC suspension was 
made by re-dispersal of freeze-dried powder originally produced from hydrolysis of wood pulp in 
sulphuric acid. The surface of NCC was decorated by sulphate group resulting from acidic hydrolysis 
(see section 2.1.1 for hydrolytic preparation of NCC), characterised by the manufacturer as 0.9 wt% 
sulphur on a dry cellulose basis. This is equivalent to 4.62 SO3- per 100 anhydrous-glucose units 
following Eyley and Thielemans’s method for calculating degree of substitution on NCC surface [1].   
 
3.2.2 Other Chemicals 
In several sections of this thesis, chemicals were added into NCC suspensions in order to achieve a 
specific ionic strength or pH value. Specifications of these chemicals are listed in Table 3.1:  
Table 3.1 Chemicals used in this study. 
Name Manufacturer Details 
Sodium chloride (NaCl) Merck KGaA >99.5%, analytical reagent 
Sodium thiocyanate (NaSCN) Sigma Aldrich  >98%, analytical reagent 
Hydrochloric acid (HCl) Ajax Finechem 39% solution, analytical reagent 
Sodium hydroxide (NaOH) Ajax Finechem >97%, analytical reagent 
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The dilution of available NCC suspension was achieved using deionised water produced by reverse 
osmosis water system, which has a resistivity of 18.2 MΩ.cm (Sartorius Stedim).  
3.2.3 Preparation of NCC suspensions 
According to the manufacturer’s specification, ultrasonic treatment had been applied to the pruchased 
NCC suspension to disperse the freeze-dried powder. Size measurement by dynamic light scattering 
and atomic force microscopy did not identify any agglomerations of NCC particles in the original or 
diluted states of the supplied NCC suspension without the presence of additional salts. Therefore, we 
conclude that further ultrasonic treatment is not necessary to dilute and disperse this material.  
The original 11.9 wt% NCC suspension was diluted to target weight percentage as listed in figure 3.1 
using deionised water. All the resultant suspensions (in liquid state where pH values were measurable) 
had pH values within the range 6.2~6.5, which was considered constant. Further adjustment of pH 
upon dilution was deemed unnecessary. To produce suspensions with varied pH values, the pH was 
adjusted by incremental addition of 10 μL of 1 M NaOH or HCl solution. The volume change due to 
addition of acid or base solution is less than 0.17 % which was considered negligible.  
Pre-prepared 2 M salt solution was titrated into NCC suspensions to achieved targeted ionic strength. 
Mechanical agitation was applied to samples subsequently to achieve homogeneity. The volume 
change due to addition of salt solution was less than 2 %, which is considered insignificant.  The 
measured conductivity for 5 wt% NCC suspension was 25 μS/cm, less than that of 1 mM NaCl 
solution (72 μS/cm). Therefore, the ionic strength deviation caused by NCC concentration is deemed 
to have negligible effects on rheology and structural characteristics within the investigated 
compositional range, and that further dialysis was considered to be unnecessary.  
 
3.3 Particle Size Measurement 
The dimension of NCC rods was measured using atomic force microscopy. Samples for imaging were 
produced by placing a drop of dilute NCC suspension (~ 0.05 wt%) onto a freshly cleaved mica 
surface and allowing subsequent evaporation of water at room temperature. This allowed observation 
of the structure formed with increasing concentration during drying, however, NCC rods had to be 
isolated from this packed structure in order to measure their precise dimension. A method proposed 
by Lahiji et al. [2] was used to isolated NCC particles, which includes dropping relatively 
concentrated suspension (1 wt%) on to a mica surface to enable a rapid adsorption. The mica plate 
was then rinsed with deionised water to remove excessive NCC particles before being dried with a 
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stream of nitrogen gas. The WI Tec Alpha 300 Atomic Force Microscope was used to image NCC 
samples.  
The hydrodynamic size of NCC particles in aqueous suspension was measured using dynamic light 
scattering (DLS) technique on a BI-200SM Goniometer (Brookhaven instruments) equipped with a 
solid-state 532 nm laser source. During DLS measurement, small particles (particle size< wavelength) 
scatter light in all directions when passed by a beam of light. The intensity of scattered light fluctuates 
with time due to the Brownian motion of small particles, which causes a constantly changing distance 
between particles (scatters). The light scattered by the particles is thus multiplied constructively 
(creating a bright region) or destructively (creating a dark region) A corresponding speckle pattern of 
the scattered light can be collected at the receptor, with an intensity varying corresponding to particle 
motion behaviour. This resultant speckle pattern is analysed by an auto-correlator (BI-9010AT) at 
small time intervals (termed delay time τ which is adjustable from 25 ns to 1310 ms). This can be 
used to derive a second order time correlation function g(2)(t) as per:  
𝑔(2)(𝑡) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉
〈𝐼(𝑡)〉2
         (3.2-1) 
I(t) is intensity at time t, and the operator 〈 〉 means average over delay time τ. The correlation function 
decays exponentially with delay time, which is a result of particle motion such that after a sufficiently 
long time the there is no correlation between initial and final position of particles. Several numerical 
methods can be used to fit this decay in order to derive particle motion information, e.g. the Siegert 
equation for monodispersed system: 
𝑔(2)(𝑡) = 1 + [𝑔(1)(𝑡)]2        (3.2-2) 
g(1)(t) is first order correlation function, and in a monodisperse system,  
𝑔(1)(𝑡) =  exp (−Γτ)         (3.2-3) 
Γ is decay rate, also known as characteristic time, and is related to the wave vector (q) and the 
translational diffusion constant (D) as Γ = 𝑞2𝐷, with  
𝑞 =
4𝜋
𝜆
sin (
𝜃
2
)          (3.2-4) 
λ is the wave length of incident light and θ is the angle at which intensity of scattered light is 
measured. The translational diffusion constant D can be derived from scattering data, such that the 
hydrodynamic radius (Rh) of the particles can be calculated by the Stokes-Einstein equation (eqn 2.1-
1). For a polydisperse system, the CONTIN algorithm [3, 4] was used to fit the autocorrelation 
function, which involves assuming a combination of several monodispersed systems with a series of 
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characteristic time Γ, such that a characteristic time distribution can be derived from g(2)(t) via an 
inverse Laplace transform.  
All equations and methods above are based on non-interacting particles, therefore, the DLS 
measurements were conducted for very dilute NCC suspensions (few drops of 1 wt% NCC in 3 ml 
measuring vial) in order to minimise particle interactions. Using the above methods, the distribution 
of hydrodynamic size obtained experimentally from DLS is independent of NCC concentration and 
can thus be considered as a material property. Considering the rod-like shape of NCC particles, the 
obtained hydrodynamic size is the so-called Stokes diameter, which is the diameter of a sphere that 
diffuses at the same rate as the suspended NCC rod.  
 
3.4 Zeta Potential Measurement 
The zeta potential of NCC particles dispersed in aqueous solution was measured using ZetaPals zeta 
potential analyser (Brookhaven Instrument) fitted with a 640 nm laser with reception made at 15°. 
Zeta potential measurement involves measuring electrophoretic mobility using light scattering 
techniques. When an electric field is applied to a dispersed system of charged particles, positively 
charged particles move along the direction of the field while negatively charged particle move in the 
opposite direction (this is known as electrophoresis). The velocity (v) of a charged particle in an 
electric field is proportional to the intensity of electric field (E) and the zeta potential of the particle 
(ζ), as described by the Smoluchowski equation [5]:  
𝑣 = 𝜇𝑒𝐸,    𝑤𝑖𝑡ℎ  𝜇𝑒 =
𝜀𝑟𝜀0𝜁
𝜂
        (3.3-1) 
μe is defined as the electrophoretic mobility, εr is the relative permittivity of medium, ε0 is the 
permittivity of vacuum, and η is the viscosity of the solvent. The Smoluchowski equation works well 
for particles with a thin double layer which is characterised by particle diameter (a) much greater than 
Debye length (κ-1), i.e. aκ>1, as the equation does not consider increases in hydrodynamic resistance 
due to double layer thickness. Hückel proposed a relation for charged particles with a thick double 
layer (aκ<1), thereby expanding valid range beyond the original Smoluchowski equation [6]: 
𝜇𝑒 =
2𝜀𝑟𝜀0𝜁
3𝜂
          (3.3-2) 
Electrophoretic mobility is modified to 2/3 of that with a thin double layer. The instrument measures 
the diffusion constant by dynamic light scattering in a manner similar to that described in the previous 
section, and converts velocity into electrophoretic mobility, from which the zeta potential is derived 
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via the Smoluchowski-Hückel method. All NCC zeta potentials measured in this study were based 
on averaging 3 runs (10 measurements per run), with standard deviation reported alongsideresults.  
 
3.5 Rheology 
Rheological measurements of NCC samples were conducted on rotational rheometers, primarily 
Anton Paar compact module rheometer MCR502 (Anton Paar GmbH, Austria) and TA AR1500 
rheometer (TA instruments, U.S.). Both are stress-controlled rheometers in which torque is applied 
by a motor supported by an air bearing (to reduce bearing friction), and the deflection angle is 
measured by an optical encoder. Stress-controlled rheometers can be used in rotational rate–
controlled mode, however their accuracy and data reliability is inherently limited by fluctuations in 
torque due to the feedback control loop. Manufacturers have made progress to allow stress-controlled 
rheometers to work reasonably in rate-controlled experiments by reducing torque fluctuation, e.g. via 
improving the resolution of the optical encoder and signal processing speed (such as the TruStrainTM  
by Anton Paar). The applied torque in a rotational rheometer is limited by the accuracy of the air 
bearing (for low torque) and thermal deformation of the axis at fast rotation (for high torque). The 
measurable range of torque and deflection angle for the two rheometers used in this work are specified 
in Table 3.2.   
Table 3.2 Specifications for rheometers used in this study 
Rheometer Anton Paar MCR 502 TA AR 1500 
Torque range 1 nN.m to 230 mN.m 0.1 μN.m to 150 mN.m 
Frequency range 0.1 μrad/ to 628 rad/s 7.51 μrad/s to 620 rad/s 
Angular deflection resolution 1 nrad/s 40 nrad/s 
In addition to the applicable measuring range, the geometry of the measuring system is also important 
for rotational rheometers. To correctly select, fill and report the measuring system used in 
measurements is crucial to the quality and reliability of obtained results. The geometry of the 
measuring systems used in this study is summarised in Table 3.3.  
Table 3.3 Geometry of measuring systems used in this study 
Measurement system Rheometer Details 
Parallel plates MCR502 Ø=50 mm, gap=1 mmϕϕε 
Concentric cylinder (Couette) AR1500 Ø cup=30mm, Ø bob=28 mm 
Vane-cup AR1500 Ø cup=45mm, Ø vane=22 mm 
International standards have defined geometric specification and operation procedures, such as 
ISO3219 and DIN53019 for rotational rheometers, following which the measured viscosity for 
Newtonian and viscoelastic fluids are independent of geometry and type of rheometer [7]. Parallel 
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plates and concentric cylinder systems used in this work were manufactured according to the above 
standards, while the vane-cup geometry used is specialised for measuring yielding behaviour in 
concentrated and gelled systems by preventing wall slip (discussed in sections 3.4.4 and 3.4.5). 
Sample trimming was conducted at a gap 25 μm above the measurement gap in order to ensure that 
the gap was properly filled by the sample [7].  
For complex fluid and soft solid systems, a simple rotational test is not sufficient to reveal the 
characteristic rheological behaviours. The following sections discuss specific rheological 
measurements conducted on NCC samples together with special considerations of these methods.  
 
3.5.1 Rotational Test 
The most conventional approach to rheological measurement is to create a simple shear flow in the 
gap of a measuring system. The flow is laminar, so that the rheological parameters such as shear 
stress, shear rate and viscosity can be expressed in terms of torque, rotational speed and measurement 
geometry. The following equations are used to determine the shear stress (σ) and shear rate (?̇?) from 
angular velocity (Ω) and applied torque (M). 
𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑝𝑙𝑎𝑡𝑒𝑠: σ =
2𝑀
𝜋𝑅3
          (3.4-1) 
𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑝𝑙𝑎𝑡𝑒𝑠: ?̇? =
𝑅Ω
ℎ
   
𝐶𝑜𝑢𝑒𝑡𝑡𝑒:               σ =
𝑀
2𝜋𝐿𝑅2
         (3.4-2) 
𝐶𝑜𝑢𝑒𝑡𝑡𝑒:               ?̇? =
𝑅Ω
𝑅𝑐𝑢𝑝−𝑅𝑏𝑜𝑏
         
R is the radius of plate, h is the gap and L is the bob height. These equations are for Newtonian fluids 
where viscosity can be taken as η = σ/?̇?. For both parallel plates and Couette geometry, shear rate 
and shear stress are a function of radius. Therefore, corrections are necessary to equation 3.4-1 and 
3.4-2 to incorporate non-Newtonian effects (present for many colloidal suspensions) by a force 
balance integrating over the radius. The local slope in the torque-angular velocity relationship, d 
lnM/d ln(Ω) (which is the exponent in a power law fluid), is used in well-established corrections for 
non-Newtonian behaviour in parallel plates [8] and Couette geometry [9]:  
𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑝𝑙𝑎𝑡𝑒𝑠 (𝑎𝑡 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒): σ =
𝑀
2𝜋𝑅3
 (3 +
𝑑 ln  𝑀
𝑑𝑙𝑛 Ω
)        (3.4-3) 
𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑝𝑙𝑎𝑡𝑒𝑠 (𝑎𝑡 𝑒𝑑𝑔𝑒 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒): ?̇? =
𝑅Ω
ℎ
        
𝐶𝑜𝑢𝑒𝑡𝑡𝑒 (𝑎𝑡 𝑏𝑜𝑏 𝑠𝑢𝑟𝑓𝑎𝑐𝑒):                  σ =
𝑀
2𝜋𝐿𝑅𝑏𝑜𝑏
2       (3.4-4)   
𝐶𝑜𝑢𝑒𝑡𝑡𝑒 (𝑎𝑡 𝑏𝑜𝑏 𝑠𝑢𝑟𝑓𝑎𝑐𝑒):                  ?̇? =
Ω
ln 𝑠
(1 + ln 𝑠 
𝑑 ln Ω
𝑑 ln 𝑀
+
(ln 𝑠)2 
3Ω 
𝑑2 ln Ω
𝑑 (ln 𝑀)3
)   
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s=Rbob/Rcup is the ratio between inner and outer cylinder. For s>0.99, the average shear rate (eqn. 3.4-
2) can be used without additional correction.  
The rotational test can be done with either pre-set shear stress/ resultant shear rate (stress-control) or 
pre-set shear rate/ resultant shear stress (rate-control) method. Theoretically, both methods can be 
used to generate indifferent rheological results. However, in stress-control rheometer, the torque is 
applied by motor while the rational rate is achieved by varying torque in a feedback control scheme. 
This instrumental difference in achieving targeted stress or rate values means that stress-control and 
rate-control methods provide different sensitivity, detectability and accuracy for certain rheological 
observations, such that the testing method should be chosen according to the specific properties to be 
characterised. E.g. steady-state shear preferably uses rate-controlled mode where stress reaches 
equilibrium at each shear rate, which prevents interference from time-dependent properties; and yield 
stress is better determined using a stress-controlled test which prevents fluctuation in stress due to the 
feedback control loop at strains near the yielding point.  
 
3.5.2 Oscillatory Test 
Viscoelastic behaviours of structured fluids and soft solids were characterised by oscillatory tests in 
which an oscillating shear deformation is applied to samples, and the counter force to keep the sample 
in position was recorded. 
The parameters in oscillatory deformation are usually pre-set in a sine curve with amplitude γ. For 
elastic solids, the sine curve for applied deformation (strain amplitude γ) and the resultant counter 
force (shear stress σ) is precisely in phase. A phase-shift in sinusoidal functions is present in 
viscoelastic samples due to the time lag between applied deformation and the resultant counter force, 
which is a consequence of the combination of viscous and elastic relaxation schemes (figure 3.2). 
The complex modulus (G*) is calculated from the amplitude of strain (γ) and stress (σ) as G*= σ/ γ 
with σ and γ obtained similarly from torque and deflection as those for rotation tests (eqn. 3.4-1 to 
3.4-4). Storage modulus (G’) and loss modulus (G’’) can be obtained from complex modulus (G*) 
and phase shift angle (δ) using rectangular resolution as shown in the inset of figure 3.2, where G’ is 
taken as the in-phase component of G* (representing elastic response and energy restored) and G’’ 
as the out-of-phase component of G* (representing viscous response and energy dissipated). The ratio 
between viscous and elastic response (G’’/G’) can thus be obtained from the tangent of phase shift 
angle (tan δ). For an ideal elastic material, δ= 0 and tan δ= 0, while for an ideal viscous liquid δ= π/2 
and tan δ = infinite.  
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Figure 3.2 Schematic of viscoelastic response in oscillatory testing. 
Similar to rotational tests, oscillatory measurements using a rheometer can be conducted in either 
stress-control (oscillatory deformation is achieved by a pre-set stress amplitude) or strain-control 
(stress is controlled such that the pre-set oscillatory strain is achieved) modes. The working mode of 
the rheometer should be set according to the specific properties to be investigated.  
Dynamic moduli are a function of both deformation amplitude and oscillatory frequency, such that 
the oscillatory tests can be performed in both amplitudes sweep and frequency sweep schemes where 
various rheological characteristics can be derived. Viscoelastic materials yield at a critical 
deformation (strain or stress) indicating the breakdown of structures upon oscillatory shear. Before 
that critical deformation, G’ and G’’ are almost independent of oscillatory amplitude, which is known 
as the linear viscoelastic region. Plateau values of G’ and G’’ are important parameters for 
investigating the dynamic behaviour of materials without disrupting their microstructures. The 
oscillatory tests conducted within the linear viscoelastic region are known as small amplitude 
oscillatory shear (SAOS) tests. Materials yield at different amplitudes depending on their volume 
fraction and structural characteristics, therefore it is necessary to determine an appropriate 
deformation amplitude that is within the linear viscoelastic region. NCC samples yield at a critical 
strain which is strongly dependent on their composition as shown from amplitude sweep 
measurements (some are included in figure 3.3). From figure 3.3, the 7 wt% NCC sample (with 
weakest solid-like behaviour among samples listed in figure 3.1) yields at ~ 1 % strain. Therefore, 
considering the large number of samples to be tested, strain=0.5 % was selected for all SAOS tests in 
this study, which is deemed to maintain all samples within their linear viscoelastic region. Further 
amplitude sweep measurements were considered unnecessary. Frequency sweeps were then run 
across a range of frequency (typically 0.1 to 100 rad/s in this study unless stated otherwise) to obtain 
a spectrum of G’ and G’’ within the linear viscoelastic region for all samples showing viscoelastic 
behaviour.  
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Figure 3.3 Amplitude sweep tests on some NCC samples. 
Solid- G’; empty- G’’. Tests were done with 20 second per point at frequency 6.28 rad/s. 
 
3.5.3 Time Dependent Behaviour 
Time-dependent behaviour is always reported in colloidal suspensions, which is signalled as a 
decreasing rheological parameter (e.g. viscosity) over time despite a constant, time-independent 
perturbation (e.g. shear rate) [10]. This complexity (known as thixotropy) makes many rheological 
properties such as yield stress [11] also a function of the time scale of measurement, such that 
appropriate procedures should be taken in order to properly handle time effects. Time-dependence 
such as flow curve hysteresis, recovery of G’ and G’’ after high shear, and creep-recovery tests were 
measured for selected compositions amounts all listed in figure 3.1 showing characteristic rheological 
and phase behaviours. Considering the compositional range listed in figure 3.1, to measure time-
dependent behaviour of all samples would not only inevitably make this study unnecessarily oversize, 
but also particulars of the variation are not necessarily vital to fulfil the scope of the thesis 
The time-dependent rheological behaviour originates from the breakdown and recovery of structures 
within the complex fluid or soft solid upon shear deformation. By investigating this disruption and 
recovery process, understanding of the structures and dynamics of the material can be derived. Time-
dependent behaviour was observed in several NCC samples as hysteresis in flow curves from forward 
and backward stress sweep tests (figure 3.4). Figure 3.4 also indicates that the time-dependent 
behaviour is strongly influenced by the composition (and thus microstructure) of measured NCC 
samples.   
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Figure 3.4 Flow curve hysteresis for some NCC samples  
Solid- forward; Empty-backward shear sweep. Tests were down with 5 second per point. 
Besides flow curve hysteresis, creep-recovery tests were also conducted on some samples to 
investigate their time-dependent behaviour and thus to obtain insights into their structure. This 
involved a constant shear stress (σ0) applied to samples for a fixed period of time (~300 s), resulting 
in a strain (γ) as a function of time (t), after which the stress was withdrawn and the recovery in strain 
was monitored for another 300 s. The creep compliance (J) was then calculated from: 
  J (t)  =  γ (t)/ σ0         (3.4-5) 
For viscoelastic materials, a component of the strain recovers upon release of stress, where elastic 
(J0+JR) and viscous (JN) contribution to creep compliance (J) can be derived by plotting strain as a 
function of time [12]. The recoverable part of creep compliance is represented as: 
  J𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (J0 + J𝑅)/ (J0 + J𝑅 + J𝑁)      (3.4-6) 
This is unity for an ideal elastic solid and zero for an ideal viscous liquid. Chapter 5 provides more 
details regarding the measurement and interpretation of the time-dependent rheological behaviour of 
NCC suspensions.  
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3.5.4 Wall Slip 
Wall slip may occur in many colloidal suspensions, resulting in an apparent flow due to slip. An 
awareness of wall slip is necessary in this study, especially while determining the tripartite flow curve 
for liquid crystalline suspensions (see section 2.3) and the yield stress for soft solids.  
Wall slip can be characterised following Mooney’s method [13], which involves measuring the flow 
rate (Q) within capillaries with several different radii (R), and plotting Q/πR3 as a function of 1/R. 
The thickness of the slip layer can be derived from a linear fit. The original Mooney’s plot was 
subsequently expanded to Couette and parallel plates geometries for torsional-driven rheometers [14, 
15] which involves measurement of the flow curve at several different gap dimensions and plotting 
apparent shear rate as a function of 1/gap. A characterisation of wall slip using Mooney’s method is 
included in Appendix B. In addition to Mooney’s method, a simpler approach to investigate the wall 
slip in measured samples is to compare the results between smooth and rough surfaces (figure 3.5). 
Minimal differences were seen between smooth and rough plates for 1 mm gap used in this study, 
such that the wall slip was considered insignificant for liquid samples or solid samples with relatively 
low volume fraction (≤ 7 wt% NCC). Figure 3.5 also indicates that the slip can be significant for gap 
height smaller than 0.5 mm.  
 
Figure 3.5 Flow curve of 7 wt% NCC suspension measured with parallel plates with smooth and 
rough surfaces (number in legends indicates gap height).  
In addition to evaluating the gap-dependent rheometry of samples, the vane-cup geometry was used 
with concentrated or gelled samples to precisely determine a yield stress, by preventing wall slip. The 
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stress (σ) and shear rate (?̇?) can be derived from measured torque (M) and rotation rate (Ω) and vane 
geometry following equations 3.4-7 and 3.4-8 [11, 16]: 
𝜎 =  
𝑀
2𝜋𝑅𝑣𝑎𝑛𝑒
3 (
𝐻𝑣𝑎𝑛𝑒
𝑅𝑣𝑎𝑛𝑒
+
2
3
)−1         (3.4-7) 
?̇? =
4𝜋Ω𝑅𝑣𝑎𝑛𝑒𝑅𝑐𝑢𝑝
𝑅𝑐𝑢𝑝
2−𝑅𝑣𝑎𝑛𝑒
2           (3.4-8) 
Non-Newtonian behaviour can be corrected accordingly flowing eqn. 3.4-4. Vane-cup geometry is 
effective for obtaining a low-shear profile, which may be difficult to measure with other geometries, 
however the accuracy of the vane-cup geometry for high-shear measurements is limited.  
 
3.5.5 Apparent Yield Stress 
Structured (e.g. glassy or gelled) colloidal suspensions including NCCs exhibit a yield stress, below 
which the system does not flow. Yield stress is defined as the critical stress for the breakage of initial 
structure, removing the barrier to particle motion [10]. However, precise measurement of yield stress 
can be complicated and challenging, as the measured yielding behaviour is also a function of 
observation time frame in addition to applied stress [11]. The commonly-existing thixotropic property 
of colloidal suspensions results in a system that can yield after a sufficiently long time at small stresses 
but yield instantly at a larger stress. The yield stress can be measured by either a rotational or 
oscillatory method in a torsional-driven rheometer. Oscillatory measurement is achieved by stress 
sweep tests, such as shown in figure 3.3, where the yield stress at the measured frequency is taken as 
the limiting stress of the linear viscoelastic region.   
Various rheological models can be used to determine the yield stress from stress sweep rotational 
tests, such as the Herschel-Buckley or Cross models:  
σ = σ𝑦 + 𝐾?̇?
𝑛  ⇒ 𝐻𝑒𝑟𝑠𝑐ℎ𝑒𝑙 − 𝐵𝑢𝑐𝑘𝑙𝑒𝑦       (3.4-9)  
η = η∞ +
𝜂0−𝜂∞
1+(σ/σ𝑐)𝑚
 ⇒ 𝐶𝑟𝑜𝑠𝑠        (3.4-10) 
Figure 3.6 shows flow curves for two typical NCC suspensions studied in this thesis, where yield 
stress is determined by the Herschel-Buckley and Cross models, as well as by direct extrapolation of 
tangents to the low shear plateau and the shear thinning region. It indicated that the value of yield 
stress derived from several methods deviates from each other, although they were within a same 
magnitude at least in logarithm scale. From figure 3.6, yield stress values from these different 
methods converge for samples that have sudden shear-thinning upon yielding [11], such as 5 wt% 
NCC with 50 mM (the high salinity results in strong attractive interaction).  
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Figure 3.6 Flow curve for NCC samples with determination of yield stress.  
Measurements were taken at 5 second per point. Arrows indicated the Herschel-Buckley yield stress. 
Yield stress can also be measured as the overshoot stress measured at the initiation of flow, when a 
low shear rate is applied, and the transient stress recorded. The stress-strain curve shows a linear 
relationship at short time frames, with the slope representing the static shear modulus which is a 
function of the shear rate due to the viscoelasticity of the material. At larger strains, the linearity 
between stress and strain disappears, indicating a nonlinear elastic response (or plasticity) of the 
material, which eventually results in flow. When the material completely yields, the stress reduces 
until it reaches a constant value (indicating a steady-state flow), such that the peak stress at start-up 
of flow measurement can be considered as the yield stress. As this measurement of yield stress 
depends on the applied shear rate, and thus the observation time frame, the obtained yield stress is 
known as the dynamical yield stress [10, 11]. Figure 3.7 shows the behaviour of a typical NCC sample 
in a start-up flow test used to determine a dynamical yield stress and critical strain, where the observed 
dynamical yield stress (overshoot stress) increases with increasing shear rate.  
Yield stress determination and interpretation is discussed in more detail in chapters 4-7, where 
yielding behaviour was used to investigate the structure-property relationships of gelled or glassy 
NCC suspensions.  
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Figure 3.7 Stress-strain curve at start-up flow measured for 5wt% NCC with 50 mM NaCl.  
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Chapter 4 
Rheology and Microstructures of Aqueous 
NCC Suspensions1  
4.1 Introduction 
The rheological behaviour of NCC suspensions in aqueous media and their relationship with 
microstructural evolutions (such as glass transition or gelation) is of particular interest in this study.  
NCC suspensions are reported to form glassy states at a critical NCC concentration [1] and entangled 
gel states at lower volume fraction when inter-particle forces are attractive [2], as reviewed in section 
2.3. The critical NCC concentration for phase transition is affected by particle size, aspect ratio and 
surface modifications of the NCC as well as the ionic strength of the solution [3, 4]. However, as 
highlighted in Chapter 2 (literature review), the mechanism about how, and to what extent, particle 
interactions affect the rheological and gelation behaviour of suspensions of NCC particles is not yet 
comprehensively studied. There are also limited understandings of the change in linear viscoelasticity 
of the suspension as a function of phase behaviour in terms of its colloidal stability and microstructure.  
This chapter studies structure-property relationships for NCC suspensions by investigating their 
rheology as a function of ionic strength, and considers the corresponding effect of NCC surface 
properties on the structure and morphology of the NCC network via Fourier transform infrared 
spectroscopy (FTIR), atomic force microscopy (AFM), scanning electron microscopy (SEM), and 
Zeta potential measurement. Monovalent sodium salt was used to alter the ionic strength of the 
solution without causing ion mediated cross-linking between the NCC particles.  
 
                                                 
1 This Chapter forms the basis for my published article, “Rheology and microstructure of aqueous suspensions of 
nanocrystalline cellulose rods” in Journal of Colloid and Interface Science: 496, 130-140 (2017). DOI: 
10.1016/j.jcis.2017.02.020. The introduction, experimental and conclusion sections are modified from the published work 
to suite the thesis. Other sections are reproduced from the paper with minor modifications to accommodate context.   
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4.2 Experimental 
The specifications for nanocrystalline cellulose and other chemicals used in this chapter of thesis is 
included in Chapter 3 (Methodology), together with the method for preparing the NCC suspensions. 
The rheological measurements discussed in this chapter were conducted with AR 1500 rheometer 
using concentric cylinder and vane-cup geometries.  Details of the rheometer, measuring geometries 
and specific considerations (e.g. wall slip, yield stress) in rheometry are described in Chapter 3.  
The methodology associated with atomic force microscopy (AFM), dynamic light scattering (DLS) 
and zeta potential measurement are detailed in Chapter 3.  
A PIKE GladiATR FT-IR spectrometer (PerkinElmer, Waltham, Massachusetts) was used for 
characterising the surface chemistry of NCC samples.  Samples for analysis were from 5wt% NCC 
aqueous suspensions form with pH 1.5, 6 and 12.   
The structure of 1 wt% and 5 wt% NCC suspensions with salt concentrations of 0, 0.01 and 0.1 M 
were investigated using scanning electron microscope (SEM). The suspensions were freeze-dried at 
-68 °C. The resulting samples were foam-like structures.  Dried samples were ground to fine powder 
and putter-coated with platinum and imaged using a Hitachi S-4800 ultra-high definition scanning 
electron microscope (5 kV).  
 
4.3 Results and Discussion 
4.3.1 Rheology 
Figure 4.1 (a) and (b) depict the steady state flow curves of NCC dispersed in deionized water in a 
concentration range from 1 to 11.9 wt%.  NCC suspensions are near-Newtonian up to 3 wt%; the 
flow curves show minimal shear thinning (Figure 4.1a, b) and a power-law response between stress 
and strain rate with exponents of between 0.9 and 1 (Table 4.1) indicating a dilute or semi-dilute 
isotropic suspension.  For samples with 4 to 7 wt%, at low-shear rates (<10 s-1) the suspensions exhibit 
slight shear thinning (i.e. not quite a zero-shear viscosity plateau) but at higher shear rates there is 
significant shear thinning with a power law exponent decreasing from 0.74 to 0.29 respectively with 
increasing NCC content. The initial shear thinning over a shear rate range of 2 orders of magnitude 
with slope~0.5 has been observed before for liquid crystals and was associated with variations on the 
disclination lines of the polydomain texture in the liquid crystal[5], although an exact reason of this 
initial shear thinning region is still controversial[1, 6, 7] as reviewed in Chapter 2 section 2.2.3.  At 
higher concentrations, the samples exhibit shear thinning power law behaviour at all measured shear 
rates, with the exponent approaching zero for 11.9 wt% NCC, indicating that the response is 
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characteristic of a yield stress fluid.  This phenomenon is attributed to the formation of a closely 
packed structure due to an excessive concentration with arrested dynamics, which inhibits the particle 
motion due to an excessive concentration[1, 8]. Some literature suggests that this nonlinear power-
law behaviour i.e. a plateau region in a flow curve followed by shear thinning is typically expected 
for rods suspensions where rods align themselves with the direction of flow at high shear rate [1, 9]  
 
 (a)  (b)
 
Figure 4.1 Flow curves for NCC suspensions 
(a) Viscosity vs. shear rate and (b) shear stress vs. shear rate. Solid lines are power law fits of regions of the flow 
curves (see table 4.1). 
Table 4.1 A list of the Power law (𝜎 ൌ 𝐾𝛾ሶ n) parameters from the flow curves of NCC suspensions. 
NCC wt% 1 2 3 4 5 7 9 11.9 
K (Pasn) 0.002 0.0052 0.011 0.043 0.13 2.2 6.7 51.5 
n 1 0.96 0.91 0.74 0.64 0.29 0.22 0.085 
 
The effect of pH and salinity on NCC suspensions was studied for the 5 wt% NCC suspension (figure 
4.1). The effect of pH on the rheology of this NCC suspension is shown in figure 4.1(a), which shows 
the viscosity at shear rates of 0.1, 1 and 10 s-1.  A peak in viscosity is observed at pH~6. Viscosity 
decreases steadily as pH values are lowered below 2 or increased above 12, beyond which viscosity 
at each shear rate increases dramatically.   
Salinity has a significant effect on the rheology of NCC suspensions, as shown in Figure 4.2(b).  The 
viscosities decrease at the three shear rates shown with addition of NaCl up to 0.01 M. The viscosity 
values pass through a minimum and increases slightly with further increases in NaCl concentration 
until a dramatic increase occurs at a concentration of ca. 0.1 M.  At this salinity, the viscosity increases 
by two orders of magnitude and the suspensions visually transitions from transparent to opaque, as 
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shown in Figure 4.2 (d) indicating a phase separation due to aggregation of NCC colloids.  An 
additional experiment (figure i (a) in Appendix A) showed no change in rheology for samples of 
0.1 M NaCl concentration when the pH was varied between 1 and 13. Figure i (b) in Appendix A 
showed that the pH of solution did not cause additional changes to the ζ potential of NCC particle 
suspended in 0.01M NaCl beyond the effect of increasing ionic strength due to the added acid or base. 
This suggests that pH and salinity influence the NCC suspension via an identical mechanism i.e. 
controlled by the ionic strength of the suspension.  NCC gels form due to high ionic strength and 
these show significant shear thinning as evident in Figure 4.1(b). The low viscosity at high shear rate 
suggests that the contacts between rods are relatively weak and can be perturbed by external 
deformation.   
 
Figure 4.2 Steady-state viscosity and appearance of 5 wt% NCC suspensions 
Viscosity at three shear rates are shown as a function of (a) pH, (b) salt concentration, and (c) as a function of 
NCC wt% at 0.1 M NaCl; (d) shows the relative translucency of 5 wt% NCC at 0, 0.01 and 0.1 M of NaCl respectively. 
Figure 4.3 presents the yield stress (σy) and linear viscoelastic moduli (G’ and G’’ at 6.28 rad/s) for 
gelled NCC suspensions at 0.1 M NaCl as a function of NCC concentration. The yield stress is the 
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minimum shear stress required to disrupt the gel network structure to enable the system to flow.  The 
cross-over between G’ and G’’ occurs at a concentration of 0.83 wt% NCC, which is one indicator 
for the transition point between liquid and solid-like (gel) rheology.  G’, G”, and σy each show a 
power law dependence on NCC concentration (solid lines in Figure 4.3) with an exponent of around 
3; this exponent deviates from dependence G’, σy ~ ϕ2 for jammed or flocculated system as reviewed 
in Chapter 2, and  is considered to be associated with percolated gels and colloidal suspensions with 
structural changes as a function of colloidal concentration [10, 11].   
 
Figure 4.3 Apparent yield stress (σy), storage (G’) and loss (G’’) modulus at 6.28 rad/s as a 
function of NCC concentration (wt%) at 0.1 M NaCl.   
All samples show solid-like response (G’ > G’’). Solid lines are power law fits to the data, according to: G’=8.6 c2.7 ; 
G’’= 1.6 c2 ; and σy=0.5 c3.1 , where c is NCC concentration in wt%.    
The rheological behaviour of NCC suspensions with various salt concentrations can be divided into 
three regions, and the transitions between the regions can be generally explained by DLVO theory 
(see Chapter section 2.2) as follows:  
(1) At low ionic strength (below 10 mM of NaCl), external ions compress the surface double layer of 
particles, which therefore reduces the effective volume fraction and thus viscosity.  
(2) At sufficiently high ionic strength (salt concentration is increased to about 10 mM), the inter-
particle repulsion is reduced through the Debye screening effect. This allows for potential contact to 
occur between the colloidal rods and thus formation of large agglomerations[4].  
(3) At NaCl concentrations at and above 100 mM, the NCC rods agglomerate to form a percolated 
gel structure.  According to the literature on gelation of colloidal suspensions reviewed in Chapter 2 
section 2.2, development of the network structure may involve growth of aggregates into fractals due 
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to attractive surface forces, and subsequent percolation as the fractals inter-link. The surface forces 
are attributed to van der Waals attraction between NCC rods and sufficient particle proximity for 
hydrogen bond formation to occur between them. As a consequence, the suspension becomes opaque 
due to the formation of large aggregates contributing to an isotropic network structure. Consequently, 
the viscosity and gel strength increase with increasing salt concentration.  
 
4.3.2 Morphology and Colloidal Properties 
Figure 4.4 shows FTIR results for the surface functional groups on NCC under different solution 
chemistry. Characteristic spectral peaks are observed at 3400 cm-1 and 2800 cm-1 that are due to 
stretching of OH- and CH- bonds respectively[12]. Absorption at around 1640 cm-1 is ascribed to 
water bounded to the surface of NCC. Peaks at around 1371 cm-1 and 897 cm-1 originate from the O-
H and C-H vibration; while 1030 cm-1 and 665cm-1 are from stretching of C-O and C-OH bonds[13].  
Peaks at 1200 to 1240 cm-1 signal the presence of SO3- on the surface of NCC particles[14].  NCC 
suspensions at different pH values show almost identical IR spectra, indicating that no chemical 
change occurs at the NCC particle in response to changes to pH or ionic strength.  
 
Figure 4.4 IR spectra for NCC at different pH values. (Vertical axis was not scaled)  
The rod-like nature of NCC particles was evaluated using AFM, as shown in figure 4.5 with (a) and 
(b) corresponding to self-assembly of NCC suspension during solvent evaporation and isolation of 
NCC particles following the method descroned in Chapter 3 (methodology). An ordered structure is 
shown in figure 4.5 (a) for NCC suspension when “dropped” onto a mica plate, which is in an 
agreement with the literatures that NCC suspension forms a liquid crystalline state with increaing 
concentration [15], e.g. as a result of evaporation, and that this liquid crystalline ordering can persist 
on a solid-state film [16].  Figure 4.5 (b) shows an example of an isolated NCC rod, obtained 
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following methods described in Chapter 3 (figure ii in Appendix A includes an AFM image of the 
mica plate containing numerous isolated NCC rods). This method prevents the overlapping between 
NCC rods and makes the obtained dimensions more reliable. From measurements performed on 
twenty individual NCC particles, the average (sd = standard deviation) length and diameter is 210 (sd 
= 10) and 15 (sd = 4)  nm respectively, and the average aspect ratio is 14 (range of 10-20).   
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Figure 4.5 AFM images for NCC on mica substrate 
(a) suspension of NCC colloidal rods;  (b) an isolated NCC colloidal rod with a measure of its length 
Figure 4.6 (a) shows the distribution of NCC particle sizes at different NaCl concentrations, measured 
using DLS.  Note that as stated in Chapter 3 (methodology), this does not measure the actual particle 
size, but rather their equivalent hydrodynamic radius. For isolated (non-aggregating) rod-like 
particles with large aspect ratio, this is comparable to particle length although not a measure of it [10]. 
While DLS does not provide an accurate measure of the size and morphology of the NCC rods in the 
same manner possible with AFM, we use it to compare the effect of solution variables on the degree 
of aggregation. The DLS measurement indicate that for the NCC suspension at 0 mM NaCl, there are 
two characteristic peaks present, which correspond to particles with a hydrodynamic radius of mostly 
ca. 100 nm and a small portion of particles with hydrodynamic diameter of ca. 10 nm.  The small 
peak may be remnants from the hydrolysis process [17, 18].  Both characteristic peaks are present 
when NaCl is increased to 10 mM, but the measured hydrodynamic radius is greater which indicates 
the formation of aggregates.  Further increase in NaCl causes the smaller peak to disappear and the 
larger peak to increase further. The peak hydrodynamic particle radius at both 50 mM and 70 mM 
NaCl is observed to be similar at a value of 200 nm.   
Zeta (ζ) potential measurements based on DLS techniques are shown in figure 4.6 (b) following 
methods depicted in Chapter 3. Colloidal suspensions are predicted to be electrostatically stable if the 
colloidal particles have an absolute ζ potential above 30 mV[10]. This value of ζ potential is obtained 
at between 5 and 10 mM NaCl. Figure 4.6 (b) also includes the corresponding suspension viscosity, 
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whereby a minimum in viscosity is observed at a concentration of 10 mM NaCl. The decrease in 
viscosity with salinity is thought to arise from compression of the surface double layer reducing the 
specific volume occupied by the NCC rods and thus the effective volume fraction. As salt levels are 
increased, electrostatic repulsion is reduced and attractive particle interactions dominate to promote 
aggregation.  Above 10 mM, ζ potential is approximately constant with increasing NaCl concentration 
up to the maximum tested concentration of 70 mM. This independence of ζ potential from salt 
concentration suggests that the change in surface potential is not caused by adsorption of sodium ions 
onto the NCC surface evidenced by the absence of an isoelectric point or reverse in surface charge. 
However, the apparent viscosity values gradually increase with salt concentration in this regime. We 
attribute this to dynamic aspects of the gel formation process (reviewed in Chapter 2, section 2.2); 
that is, an interconnected network structure forms slowly at salinities slightly above the critical point, 
but more rapidly the greater the salinity, which causes different aggregation size within the 
measurement time-frame. At salt concentrations above 70 mM, we visually observed that large NCC 
aggregates form instantaneously.  
(a) (b)
Figure 4.6 Distribution of hydrodynamic radius (a) and zeta potential (b) obtained from DLS. 
(a) The vertical axis is the distribution function based on intensity of scattered light and is calculated from CONTIN 
(see Chapter 3); and the horizontal axis is the hydrodynamic radius for an equivalent sphere. 
(b)Viscosity is taken at 1 s-1 for 5 wt% NCC suspensions as a function of NaCl concentration. Error bars are standards 
deviations. Dashed lines are included to guide the eye. The vertical grey line corresponds to the NaCl concentration at 
which the particle potential is ca. -30 mV, above which the suspension is no longer electrostatically stable due to the 
electrostatic screening effect. 
We note that it is around 10 mM that destabilisation and aggregation is predicted to occur from ζ 
potential measurements in Figure 6 due to a weakening of repulsive electrostatic forces, which is 
supported by DLS measurements. 
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4.3.3 Microscopic Observations 
Microscopic analysis was performed using SEM to determine how the microstructure of NCC 
suspensions changes as a function of NaCl concentration, to support proposed mechanisms for 
observed changes in rheology, surface potential and particle size (aggregation). SEM results for 5 wt% 
NCC suspension in 0, 0.01 and 0.1 M NaCl, and 1wt% NCC suspension in 0.01 and 0.1 M NaCl are 
shown in figure 4.7 and figure 4.8 respectively. Note that the size bar in the left hand images in figure 
4.7 and 4.8 is 3 microns, which is ca. 15 times greater than the length of the isolated NCC rod 
measured with AFM.  
 
Figure 4.7. A representative sample of SEM images for 5 wt% NCC suspensions 
NCCs are in (a) Water, (b,c) 0.01 M NaCl, and (d, e) 0.1 M NaCl. 
Characteristic changes in microstructure are observed upon variation of NCC and NaCl 
concentrations. Interpretation of SEM images of the type observed is well-described in the literature 
for various suspensions as reviewed in Chapter 2 section 2.1 (e.g. [19-21]).  As noted in ref.[19], the 
apparent structures observed in SEM are affected by the nucleation and growth rate of ice crystals 
which are ultimately controlled by the freezing rate and sub-cooling temperature.  Figure 4.7 (a) 
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shows a layered porous lamellar structure for 5 wt% NCC without added salt; layered structures are 
typically seen as the result of ice crystal growth during SEM sample preparation [19]. The structure 
is indicative of NCC rods aligning in the direction of ice growth, and there is no indication of fractal 
structures (which would reflect percolation or aggregation) in this state.  Figure 4.9 provides a 
schematic of the effect of freezing on an anisotropic suspension of rods, based on the qualitative 
scheme proposed for a similar system [22].  In this scheme, free colloidal particles can align with ice 
crystal growth whilst fractal and gelled structure resit such alignment, which therefore results in 
different structural morphologies (as seen in the SEM images).  
 
Figure 4.8. Schematic of NCC rods before and after freezing arising from SEM procedures. 
Short lines: NCC rods; dashed arrows: direction of ice crystal growth.  
When the salt concentration is increased to 10 mM NaCl for the 5 wt% NCC suspension, the structure 
is completely altered as shown in figure 4.7 (b, c).  Two structures were observed in SEM images; 
figure 4.7 (b) shows a ‘collapsed’ porous lamellar structure, whereby the original network structure 
is disrupted. The measured surface in this case was rougher and thicker, with broken pores evident.  
As this salt level corresponds to the point of destabilisation, the images suggest that the aggregation 
of NCC rods form irregularly shaped particles preventing formation of a smooth layered structure 
along the ice growth direction. We also observe large, spherical clusters together with collapsed 
lamella, as shown in figure 4.7(c). The second schematic in figure 4.9 illustrates this process.  
When NaCl concentration is increased to 100 mM NaCl (for 5 wt% NCC suspension), which also 
corresponds to presence of a very high viscosity and gel strength, SEM images show a thick and 
rough layered structure consisting of large fibrils (figure 4.7, d). Higher magnification (figure 4.7e) 
shows a fractured section comprised of densely aggregated rods. This observation is in agreement 
with our proposed gelling mechanism i.e. NCC particles aggregate into larger and longer fibrils and 
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then these fibrils form entanglements to create a gelled network structure. We observed that this 
particular suspension is a strong gel (G’ >> G’’), and therefore suggest that such a structure resists 
ice crystal growth along the preferred crystallographic direction as shown in the third schematic of 
figure 4.8.   
Figure 4.9 shows the SEM images for suspensions of lower NCC concentration (1 wt% NCC).  At 10 
mM, figure 4.9a shows the presence of clusters, which is particularly noticeable in the less-magnified 
image in figure 4.7b. These clusters are smaller in size than those of 5 wt% NCC sample, and no 
network or lamellar structures are observed. This indicates that the sample contained too few particles 
to form an interconnected network structure (required for a gel), which is in agreement with the 
rheological measurements that showed liquid behaviour. At the higher salt concentration of 100 mM, 
dual phases were observed in the suspensions at 1 wt% NCC in figure 4.9(c, d). Fractured, non-
aligned and rough surface structure are observed in figure 4.9(d), indicating small irregularly shaped 
aggregates and potentially interconnections between aggregates. However, the layer is much less 
thick and dense than that observed for the 5 wt% NCC suspension in figure 4.7 (d,e), indicating that 
the interactions are weaker and less numerous. Also, large clusters are present as observed in figure 
4.9c. This is consistent with our rheology measurement (figure 4.3), whereby 1 wt% NCC at 0.1 M 
NaCl condition corresponds to the transition point between liquid-like and gel-like rheology.  
 Figure 4.9. A representative sample of SEM images for 1 wt% NCC suspensions. 
NCCs are in (a, b) 0.01 M NaCl, and (c, d) 0.1M NaCl. 
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4.4 Phase Diagram 
The preliminary salt (NaCl) -concentration phase diagram of NCC suspension is summarised in figure 
4.10, based on our rheological and structural characterisation, and ultimately on the colloidal phase 
behaviour reviewed at Chapter 2 section 2.2. At this stage of study, the lines are indicative only of 
where phase transitions are likely to occur based on our current measurements.   
The diagram shows that as the concentration of NCC is increased (lowest NaCl level), the suspension 
transitions from being a viscous fluid, where NCC behave as isotropic colloidal rods, to an anisotropic 
liquid with an ordered structure (i.e. ‘anisotropic suspension’), where the approximate boundary is 
indicated by line E in figure 4.10. Further increase in NCC results in the transition (line F) to a 
structure that behaves as a viscoelastic soft solid (G’>G’’), indicating a glass transition. The exact 
location of these transition boundaries is anticipated to be further clarified in the next chapter by 
considering the specific volume (and thus the effective phase volume) of the NCC rods in different 
solution environments.   
 
Figure 4.10 A schematic of the phase behaviour of NCC suspension with different concentration of 
NaCl concentration in water. 
The phase diagram is based on the microstructure and rheological measurements performed in this work (circles). 
Although dashed lines are used to indicate the boundaries between phases, further experiment are still required to clarify 
these as well as the properties of each phase. A to F are labels of boundary lines. Note, the axes are not scaled. Next 
chapter will clarify the precise phase boundaries based on detailed rheological measurements.  
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At constant NCC concentration (1 and 5wt% NCC in this study), as salt concentration is increased, 
the interparticle force between NCC rods becomes attractive that eventually leads to aggregation and 
an unstable regime (labelled ‘destabilised suspension’). Suspensions in this region show a lower 
viscosity than without salt at the same NCC concentration, which is attributed to the reduced effective 
volume fraction due to Debye screening effect, and the phase separation that results in the formation 
of micron-sized aggregates. However, above a critical NaCl concentration, the NCC rods come into 
close contact to form an interconnected network structure that has rheological characteristics of a 
viscoelastic soft solid (i.e. G’> G’’ over an appreciable frequency range and an apparent yield stress).  
Line A is the estimated boundary for gelation (liquid-solid transition) based on our experimental 
observations. As reviewed in Chapter 2, some of the literature provides concepts for predicting this 
phase boundary using computational models[23] of the percolation process and/or more detailed 
rheological characterisation [24], which forms part of the next chapter in this thesis. Line B is 
considered corresponding to the point at which clusters of rods begin to form due to attractive 
interactions, but interconnections between rods are insufficiently extensive to form a percolated 
network structure. Therefore the region bounded by line A and B has the potential for micro-phase 
separation [25, 26] and is in a transient state between liquid and solid.   
The viscoelastic soft solid phases at either high NaCl or high NCC concentrations (above line F) are 
characterised by G’> G’’ over an appreciable frequency range, as well as an apparent yield stress and 
shear thinning under non-linear shear conditions. Line C and D separate the solid states of NCC 
suspension formed at low and high ionic strengths.  There can be structural differences between these 
two solids because the particle interaction is repulsive below line D and is attractive above it 
according to ζ potential results shown here and to DLVO theory [27, 28]. This is a fascinating area 
and is examined further in the next chapter to quantify the convoluted structural states arising from a 
combination of attractive forces between colloidal rods and crowding.    
The phase diagram is based on the experimental results of the particular NCC material; the relative 
positions of the proposed boundaries are anticipated to depend on the particular source of NCC used, 
including the particle size, aspect ratio, and surface functional groups.  In comparison to the 
monovalent sodium salt used in this work, which is relatively well understood in terms of electrostatic 
screening effect common in many charged colloidal systems, the structure-property relationships for 
multivalent ions may also be quite different due to the potential for ion-mediated cross-links between 
NCCs [2].   
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4.5 Conclusion 
The work in this chapter builds on previously reported literature on the shear rheology, colloidal 
stability and gelation behaviour of NCC suspensions [1, 2, 29-31], by significantly expanding the 
range of examination in terms of concentration of NCC and NaCl, as well as pH. A key finding from 
this chapter of the thesis is a preliminary phase diagram (figure 4.10), which specifically utilises our 
rheological and structural characterisation to provide insight into the state of the suspension, and 
provides a foundation for constructing a more precise phase map of NCC suspension (in next chapter). 
This work more than doubles the range of NCC and NaCl evaluated to develop a phase diagram (see 
figure 2.23), and thus it shows many additional phases that arise due to changes in both NCC volume 
fraction and inter-particle forces. Our phase diagram demonstrates clear domains within which 
suspensions are a stable viscoelastic solid or viscous liquid, and also demonstrates a region in NCC 
and NaCl concentration within which suspensions are unstable between these two extremes. The 
region of instability is triggered by phase separation due to reduced repulsion between particles. This 
is as observed in other similar cellulose and non-spherical colloidal systems [32-34] although it has 
not been previously reported experimentally for other colloidal rods systems that we are aware. 
Within this unstable region, we hypothesise that salt levels are sufficient to reduce the double layer 
thickness and thus decrease repulsive forces between NCC rods, but there are insufficient NCC 
aggregates to form an interconnected network structure.   
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Chapter 5 
Liquid-Solid Transitions and Phase 
Behaviours of NCC Aqueous Suspensions1 
5.1 Introduction 
The scientific interest of the rheology of NCC suspensions has primarily focused on their anisotropic 
(lyotropic liquid crystal) behaviour [1, 2] and gelation triggered by environmental parameters such 
as temperature[3] and ionic strength[4]. Studies of NCC suspension phase transitions have been 
reported, and the rheology of NCC suspensions including time-dependent behaviour[5] at various 
physical states has been investigated based on their microstructures and colloidal stability[2-4, 6]. 
However, the understanding of the relationship between phase transitions (such as gelation) and the 
variation in rheological properties is limited, as discussed in Chapter 2. Chapter 4 provides a 
preliminary phase diagram of NCC aqueous suspensions with approximate phase boundaries, lacking 
the rheological properties near phase transitions, in particular the liquid-solid transitions (LSTs) and 
the transition between repulsion-driven soft glass and attraction-driven gel microstructures.  
Based on the colloidal phase behaviour reviewed in Chapter 2 and the approximate phase diagram of 
NCC suspensions summarised in Chapter 4, this chapter further examines the rheology and phase 
transitions of colloidal suspensions comprised of NCC rods. This investigation on the phase 
behaviour of NCC colloidal rod suspensions aims to demonstrate a clear and precise boundary 
between different liquid/solid phases and a continuum in the phase transition process as a function of 
interparticle forces and solid content. 
In this chapter the rheology of NCC suspensions is analysed for samples with a wide range of 
compositions (see Chapter 3 for the compositional grid, and figure 2.23 for the comparison of this 
compositional range with existing literature) in response to changes in both NCC and NaCl 
concentration. Sodium chloride is used to provide a pure electrostatic screening effect, whilst 
                                                 
1 This Chapter forms the basis for my published article, “‘Liquid, gel and soft glass’ phase transitions and rheology of 
nanocrystalline cellulose suspensions as a function of concentration and salinity” in Soft Matter: 14, 1953-1963 (2018). 
DOI: 10.1039/c7sm02470c. The introduction, experimental and conclusion sections are modified from the published work 
to suite the thesis. Other sections are reproduced from the paper with minor modifications to accommodate context.   
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avoiding cross-linking caused by multivalent ions. Following the theoretical principles reviewed in 
Chapter 2, this evaluation includes two key novelties: (1) the use of a variety of rheological methods 
(including non-linear, linear and time-dependent characterisation) over a wide compositional range 
to reveal the continuum in transition between phases and the phase boundary, and to provide distinct 
rheological signatures for each phase; (2) the use of a simplified particle aggregation model based on 
the DLVO interaction to rationalise critical gelation points, which shows the predominant role of 
particle charges in determining the NCC phase behaviour. 
 
5.2 Experimental 
Details of NCC and other chemicals used in this study have been specified in Chapter 3 
(Methodology).  
The NCC was further characterised in Chapter 4 which gave dimensions of 15 ±4 nm width and 
214±10 nm length (estimated from 20 isolated particles); and a zeta potential of -45 mV in deionised 
water with no salt added. Variations in the zeta potential and the particle size distribution as a function 
of solution salinity were reported in Chapter 4, which also showed a destabilised region between low-
salinity liquid and high-salinity gel phases, indicating phase separation as the trigger for gelation.  
The phase behaviours of NCC suspensions are differentiated using a range of rheological 
measurements. These include standard shear stress sweep and small amplitude oscillatory shear 
(SAOS). In addition, thixotropic and creep tests were used to analyse the shear and time-dependent 
behaviours of suspensions at compositions near the LST. The transition between soft glass and gel 
phases is characterised by yielding behaviour. Rheological measurements in this chapter were 
conducted using Anton Paar MCR 502 rheometer with parallel-plates geometry. Specifications of the 
measuring systems and details of the techniques in rheological measurements were detailed in 
Chapter 3.  
Shear-history can affect the rheology of NCC suspensions, like many colloidal systems [7]. The effect 
of loading and pre-shear were evaluated and results are included in figure i in Appendix B. Sample 
loading had a negligible influence on the rheology of the samples when allowed to relax for 10 
minutes after loading. In contrast, pre-shearing at 50 s-1 led to an increase in storage modulus of the 
soft solid-like sample, indicating a significant alteration in the microstructure. This observation could 
result from anisotropy of NCC rods, which is discussed in more detail in the following chapters. At 
this stage, we conclude that our loading process involved minimal shear and was adequate to ensure 
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reproducible results, so that pre-shear or similar shear-based rejuvenation process was considered 
unnecessary.  
 
5.3 Results and Discussion 
5.3.1 Rheology in Linear Viscoelastic Region 
NCC aqueous suspensions exhibit a variety of rheological behaviours as the suspension undergoes 
phase transitions due to changes in NCC and NaCl concentration, demonstrated by the changes in 
linear viscoelastic properties (shown in figure 5.1). NaCl concentration modulates the 
attractive/repulsive interactions between NCC particles, while NCC concentration alters the packing 
density.  
(a) (b)
(c)
0 mM 10 mM
50 mM
 
Figure 5.1 Dynamic moduli of NCC suspension. 
Suspensions are in (a) 0 mM; (b) 10 mM; (c) 50 mM NaCl. Dashed lines are G’’ for water. 
For suspensions without added NaCl (figure. 5.1a), purely viscous behaviour is observed at low NCC 
concentration (1 wt%) whereby G’ is negligible and G” has a near-quadratic dependence on frequency. 
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For NCC concentration at 5 wt%, suspensions show a measurable G’ and a viscoelastic liquid-like 
response with G’ < G”, and both moduli have a power-law dependence on frequency. For NCC 
concentrations over 9 wt%, G’ and G’’ are almost independent of frequency and G’ > G’’ across a 
broad frequency range indicating viscoelastic solid-like behaviour. The rheological properties of 
NCC suspensions with no added salt are largely due to packing effects, which reduces the mobility 
of NCC particles at high concentrations. 
Adding NaCl compresses the surface double layer of NCC particle through the electrostatic screening 
effect, which reduces their specific volume and thus the effective volume fraction in suspension. 
Consequently, when a small amount (10 mM) of salt is added (figure 5.1b), the suspensions exhibit 
lower G’ values across all NCC concentrations and G’ is not measurable for NCC concentrations of 
1 and 5 wt%. Higher NCC concentrations are required for the suspension to form a viscoelastic solid 
phase (glass transition) in the presence of 10 mM NaCl. At higher salinity (50 mM in figure 5.1c), 
electrostatic repulsion is reduced and NCC particles aggregate due to van der Waals attractions to 
allow formation of percolating network structures at low NCC concentrations. NCC suspensions that 
were originally liquid at low salt concentration form a strong gel at high salt concentration (figure 
5.1c), and even the most dilute (1 wt%) NCC samples behave viscoelastically at 50 mM NaCl.  
 
Figure 5.2 Phase angle δ at 11.29 rad/s of NCC aqueous suspension at different salt concentration. 
Values at δ=π/2 represent samples with effectively zero G’ that made the tan(δ) (G’’/G’’) infinite. 0.1 mM NaCl 
concentration represented samples with zero salt added. 
For NCC concentrations of 4 wt% and greater (figure ii, Appendix B), G’ measured for various 
frequencies decreases with increasing salt concentration until a minimum in G’ occurs at 
Liquid-Solid Transitions and Phase Behaviour of Aqueous NCC Suspensions 
 
95 
 
approximately 10 mM salinity. Because both G’ and G’’ change by a similar magnitude as the 
suspensions pass the LST, a sensitive approach for evaluating the phase transition is to use their ratio, 
i.e. tan(δ)=G’’/G’, where δ is phase shift angle (as described in Chapter 3). Since tan(δ) approaches 
infinity as G’ approaches zero, δ is used directly in figure 5.2 to highlight the transition; δ shows the 
same trend as that of tan(δ), with δ= π/2 representing viscous liquid-like behaviour. At the transition 
state, the old structure breaks down as the new structure forms, which dissipates a large amount of 
energy and causes G’’ to reach its maxima[8]. The point at which δ starts to decrease with increasing 
NaCl is interpreted to signal the start of the phase transition, and is thus an indicator of a threshold 
concentration for the formation of a new phase.  
 
Figure 5.3 G' of NCC suspension as function of salinity and concentration. 
The surface is generated via quadratic approximation based on experimental points labelled on figure 5.4. G’ and 
tan(δ) at 6.28 rad/s are used. 
NCC suspension rheology as a function of salt and NCC concentration is visualised as a 3D-phase 
diagram in figure 5.3. The z-axis is G’ at a frequency of 6.28 rad/s whilst the shading is the 
corresponding tan(δ) value, which provides an indicator of the different rheological states of the 
suspension spanning viscous (red), near liquid-solid transition (yellow) and viscoelastic solid (white) 
states. As reviewed in section 2.2.5, for viscoelastic suspensions, G’ provides an indication of the 
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network density (governed by NCC volume fraction), as well as the strength and rigidity of inter-
particle bonds (governed by ζ potential), and varies as per the following relationship:  
𝐺ᇱ ∝ 𝜙ଶζ          (5.3-1) 
Gel strength increases monotonically with salt concentration for high NCC concentrations (> 7 wt%) 
across the range of salinities investigated here (up to 100 mM). Gel strength reaches a plateau for 
intermediate NCC concentrations (2–5 wt% NCC) such that further increase in salt concentration 
minimally increases structural strength. The different trend in G’ vs. salinity for high and intermediate 
NCC concentration reveals that their gel strength is limited by different mechanisms. At intermediate 
NCC concentrations, the gel strength at high salt concentration (e.g. 1 M) may be limited by the 
network density set by the number of particles. For high NCC concentrations, the greater density and 
gel strength is determined by the bond strength, which is a function of particle attraction that is 
affected by salt concentration.  
Accurately determining the conditions for a LST is challenging for soft matter systems[9, 10], as 
described in section 2.2.5. For most colloidal suspensions undergoing physical gelation, n=0.5 is 
rarely observed at the conditions for LST (𝐺ᇱሺ𝜔ሻ, 𝐺′′ሺ𝜔ሻ ∝ 𝜔௡), such that the cross-over of G’ and 
G’’ does not occur simultaneously at all frequencies. The 9 wt% NCC suspension with 10 mM NaCl 
shown in figure 5.1 (b) provides an example for this specific system of a rheological response near 
an LST where G’ almost overlaps G’’. It can be seen that the curves of G’ and G’’ for this composition 
near LST does not have a slope of 0.5, and that the cross-over does not occur simultaneously for all 
frequencies. This observation indicates that the commonly used approach to determine the LST point 
by considering conditions at which tan(δ)=1 for a defined frequency such as 6.28 rad/s cannot provide 
an accurate estimation of LST for NCC suspensions. Therefore, in this study, LSTs are identified 
using the Winter and Chambon criterion[11] of gelation (see section 2.2.5), in which tan(δ) is constant 
across a range of frequencies though not entirely independent of the frequency as observed in systems 
with n=0.5. Tan(δ) is shown as a function of NCC and NaCl in figure iii (Appendix B) at various 
frequencies. It reveals compositions where tan(δ) is independent of frequency over a range of 
frequencies by interpolating between data points, which are then used as a direct marker of the LST. 
This method is consequently used to more precisely delineate phase boundaries than simply 
considering G’>G’’ at a particular set frequency as the criterion. Relevant data are shown in figure 
5.4 as filled circles, each of which is derived using the approach demonstrated in figure iii (Appendix 
B).  
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5.3.2 Phase Diagram  
Figure 5.4 illustrates a phase diagram for the range of NCC and salt concentrations investigated in 
this work. Each point corresponds to a measurement; phase behaviour is determined by rheological 
characteristics. Crosses, squares and triangles correspond to liquid, solid and transition states 
respectively. Solid circles are calculated critical LST points from a series of rheological data (as 
shown in section 3.1). Lines correspond to the boundary between phases.  
 
Figure 5.4 Salt-concentration phase diagram of NCC aqueous suspension. 
This diagram firstly shows the NCC volume fraction and NaCl concentration of samples that are evaluated. These are 
interpreted to have characteristic solid, liquid, or transition behaviour based on yielding behaviour and/or moduli. The 
overall region analysed is subdivided into phase regions interpreted on a basis of their rheological behaviour, with 
boundary (LST points) defined by the tan(δ) method (depicted in session 5.3.1). The extrapolation of line B into the 
solid region represents the approximate boundary between attractive glass and gel, but it is not definitive as discussed 
in session 5.3.2. 
Two types of liquid phases are shown in the phase diagram: a viscous liquid region where there is no 
measurable G’ and G’’∝ ω2; and a viscoelastic liquid region where G” > G’ and G’ ∝ ωn over a range 
of frequencies (1-100 rad/s) with n < 2 indicating a transient state between low-volume fraction liquid 
and high- volume fraction glass. In addition, figure 5.4 shows two types of solid-phases: a repulsive 
glass phase at high NCC contents and low salinities, and an attractive glass/gel phase at high salinities. 
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As described in Chapter 2, the repulsive glass results from repulsive interactions of NCC particles 
(facilitated by low NaCl) at an effective volume fraction above the glass transition leading to a solid 
state in which particle dynamics are arrested. The attractive glass/gel phases correspond to NCC 
particles forming a dynamically arrested state due to an attractive interaction arising from van der 
Waals forces, which is achieved by the Debye screening effect at increasing ionic strengths (high 
NaCl). Despite their compositional and structural differences, the rheological properties of 
suspensions within these two solid phases (attractive/ repulsive) are similar in that they exhibit a yield 
stress and G’> G’’, with both moduli relatively independent of frequency (1-100 rad/s). The stronger 
inter-particle attraction in the attractive glass/gel phase results in a higher yield stress and G’ across 
a broad frequency range compared to the soft glass at the same NCC concentration. However, in 
general SAOS and shear stress sweeps are not sufficient to differentiate one solid from the other. 
Distinct rheological signatures for these glasses and gels are demonstrated using time-dependent and 
non-linear measurements (creep tests, thixotropy) in section 5.3.3, which discusses and provides the 
confirmation of a solid-to-solid transition.  
Accurately differentiating a gel from attractive glass is an ongoing challenge using rheological 
characterisation when the transition from gel to attractive glass is a continuous process i.e. no 
discontinuity in rheological parameters occurring with an increase in volume fraction. The attractive 
glass is a densely packed structure where particles are ‘locked’ by attractive interactions and excluded 
volume effect, whilst a gel consists a percolated network of particles and/or clusters. A two-step 
yielding behaviour has been observed in spherical colloids with short-range attractions[12] to 
distinguish the two states; it is suggested that the stress or strain at which the two yielding points 
occurs provides corresponds to the breakage of a particle cage and interparticle bonds respectively. 
However, such a two-step yielding behaviour is not observed in NCC suspensions of attractive rod-
like particles (figure iv in Appendix B). This may be attributed to the fact that the interparticle 
attraction between NCC rods arises from van der Waals force which is a less ideal system than the 
polymer-depletion attraction as investigated in the literature[12]. The van der Waals attraction 
between particles is very strong at short range which makes NCC gels rigid in the linear viscoelastic 
regime (G’ is few hundred Pascals but yields at a relatively small strain). However, outside the linear 
regime, the apparent G’ decays rapidly once the yielding point is reached, which makes the structure 
break down almost entirely at a strain beyond the threshold (see figure 5.6 for a comparison between 
yield behaviour of attraction-driven solid and repulsion-driven solid formed from NCC suspensions). 
Therefore, in the rest of this work, the rheological characterisation is considered insufficient to 
precisely determine a boundary between attractive glass and gel, though some insights about whether 
a specific material is an attractive glass or a gel are provided in section 5.3.3. Other techniques such 
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as scattering are needed to properly distinguish these two physical states, e.g. ref.[13] which is 
extensively discussed in the Literature Review of this thesis (Chapter 2).  
The observed phase diagram is similar to those observed in clay suspensions that contain colloids 
with a plate-like morphology, such as like laponite[14], bentonite[15], or montmorillonite[16]. This 
reveals the similarity in characteristic phase behaviours between colloidal charged rods and plates. It 
should be noted that the LSTs in colloidal systems and the changes in rheological signature are well 
characterised[10, 17].  
 
5.3.3 Rheology near Phase Transitions 
Liquid-liquid and solid-solid transitions are not always obvious from linear rheological behaviour 
alone, as the unsteady nature of colloidal systems indicates that a dynamic structural formation 
process governs the transition behaviour at compositions approaching LSTs[18, 19]. Considering 
many rheological properties are also a function of time as reviewed in Chapter 2 and Chapter 3, 
rheologically-determined phase boundaries are not always a clear and precise delineation, but can be 
a gradual transition involving time-dependent behaviour. To investigate this, this section discusses 
the rheological behaviours of two liquid phases and two solid phases using thixotropic, creep and 
yield tests[18]. 
 
5.3.3.1 Time Dependent Behaviours 
Colloidal soft matter systems undergo non-equilibrium dynamics. A ‘true’ steady state of colloidal 
suspensions/gel consequently rarely exists. Aging effects are associated with gelation, slow phase 
evolution, and gradual rearrangement of the microstructure [18, 20, 21]. Inevitably, thixotropic 
behaviours are expected for these materials.  
Colloidal suspensions can take time to recover their original structure after an external perturbation 
such as shear. The structural recovery for NCC suspensions at ultra-low salinities (<10 mM) and high 
salinities (>50 mM) is observed to be rapid, and consequently the thixotropic effects are considered 
negligible 10 minutes after loading for these salinities. However, as seen in figure 5.5, there is an 
obvious time-dependent behaviour at “transition zones” (compositions near the LSTs). This is 
attributed to the reduced stability of particles in aqueous solution due to decreased inter-particle 
repulsion from high ionic strength. Careful investigation of the rheological behaviour of NCC 
suspensions at these zones reveals potential mechanisms for the phase transition process. Figure 5.5 
shows the slow structural build-up process for 2 wt% NCC with 0.025 M and 0.05 M NaCl, which is 
indicated by G’ continually increasing with time for over 20 hours (aging). In comparison, G’ is near-
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constant with aging time for zero-added-salt and high-salt samples. With sufficient aging, initially 
liquid-like suspension at 0.025 M NaCl can show solid-like behaviour with G’ > G’’. This suggests 
that a salinity lower than the measured value required for an LST (boundary in figure 5.4) can alter 
the interaction potential in favour of gelation. However, the gelation at this low salinity occurs slowly 
(order of hours), and higher salinity is required for it to occur within a practical time scale, consistent 
with classic theory of gelation kinetics as reviewed in section 2.2.5 (Chapter 2). As a result, the phase 
diagram presented in figure 5.4 shows the phase behaviour corresponding to a specific duration of 
aging (~10 minutes); for an equilibrium liquid-solid boundary, the phase transition is shifted to a 
lower salinity.  
 
Figure 5.5 Evolution of G' and G'' at 6.28 rad/s over time for 2 wt% NCC suspension with 0, 25, 50 
and 100 mM NaCl. 
Thixotropy is also observable during the solid-solid transition for high NCC fractions. Thixotropy in 
soft matter systems is best characterised by hysteresis in forward and backward shear stress sweep[18], 
as depicted in Chapter 3. As seen in figure 5.6, 11.9 wt% NCC with 10 mM NaCl exhibits significant 
thixotropic behaviour, with yield behaviour disappearing during a backward shear stress sweep. This 
indicates that the structural recovery of this suspension is incomplete within this time frame. In 
contrast, the forward and backward stress sweep flow curves for zero-added-salt and high-salt 
samples are almost overlapping, indicating a rapid structural recovery. Relatively small amounts of 
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salt (e.g. 10 mM) destabilise the original structure by weakening the electrostatic repulsion, but are 
insufficient to facilitate rapid formation of a gel structure following shear. We note that the slight 
deviation between forward and backward shear sweep curves for zero-added-salt sample, and 
hypothesise that this can be attribute to a flow-induced anisotropy whereby NCC rods align in the 
flow direction, causing an apparent shear thickening observation at the start of the backward shear 
sweep.  
 
Figure 5.6 Stress sweep test for 11.9 wt% NCC suspension 
Each data point represents a 2 second measurement of viscosity. Methods to determine yield stress can be found in 
Chapter 3.  
Creep experiments are an effective way to characterize phase transitions in colloidal systems. These 
involve measuring the compliance response of a viscoelastic material over long-durations of applied 
stress. Figure v (Appendix B) shows the strain-stress relationship of 9 wt% NCC samples. As seen in 
figure 5.4, the 9 wt% NCC sample with zero-added salt is in a repulsive glass state, but at 10 mM 
NaCl it is near the LST, and at 100 mM the suspension is an attractive gel. SAOS tests used to evaluate 
the structural state showed that the 9 wt% NCC with 10 mM NaCl is above the LST and within the 
solid-phase region. However, with creep tests the same suspension exhibits almost purely viscous 
behaviour with little strain recovery. This may arise due to proximity to the transition point and shear-
sensitivity of the fragile gel structures present near the LST; this has previously been observed in 
other gelling systems close to but beyond the LST[10]. Since the existence of a liquid regime between 
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two solid phases, the gelation occurs in a liquid state but not a dynamically arrested state. It thus 
evidenced that the solid phase at high ionic strength here is a gel rather than attractive glass. The 
attractive gel shows a higher rigidity than the repulsive glass, as seen by the lower maximum strain 
during constant stress. The recoverable component of creep compliance, determined by the position 
of the plateau, is more sensitive to the solid-liquid-solid transition[16, 22]. A system with purely 
liquid-like behaviour has no recoverable compliance in a creep test. As seen in figure 5.7, the 9 wt% 
NCC undergoes a solid-liquid-solid transition with increasing salinity, as is readily revealed by the 
creep test. This complex phase transition behaviour differs from the re-entrant glass transition present 
in colloidal glass with polymer depletion attraction[23] which lacks the variation in effective solid 
volume fraction as a function of salinity (and thus a function of particle attraction). Besides the 
screening of surface potential and the reduction of repulsion barrier, elevated ionic strength can cause 
compression of the double layer of charged colloids such as rod-like NCC, which reduces the 
hydrodynamic size of NCC[6] (as discussed in Chapter 4), and consequently the effective volume 
fraction of solid. This ‘frees’ the particles (see schematics in figure 5.7) to show a macroscopic liquid 
behaviour, and the subsequent phase separation occurs in a state governed by liquid-like dynamics 
that finally leads to the formation of gel rather than attractive glass.  
 
Figure 5.7 Recoverable creep compliance for 9 wt% NCC suspensions. 
Lines are for guidance. 0.1 mM NaCl represents samples with zero salt added. Insets are for illustration. 
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5.3.3.2 Yield Stress 
Yield stress is an important parameter in analysing the transition between two solid phases[24]. 
Yielding is regarded as a solid-to-fluid flow transition in response to applied shear stress. Many soft 
matter systems are in a glassy state where the solid volume fraction is above the glass transition; this 
is characterised by very high viscosities at low shear stresses but dramatic decrease in viscosity at a 
specific stress threshold, identified as the yield stress. The value of yield stress corresponds to the 
energy required to disrupt structural elements within the suspension, and is therefore related to 
structural rigidity.  
 
Figure 5.8 Yield stress of 11.9 wt% NCC as function of salt concentration. 
Lines are for guidance. 0.1 mM NaCl represent samples with zero salt added. Yield stress is determined by the method 
shown in Figure 5.6. 
The yield stress of concentrated NCC shows a clear discontinuity with respect to salinity (figure 5.8). 
The trends of yielding behaviour of NCC suspension below and above critical salt concentrations are 
completely different, indicating a difference in governing mechanism and providing evidence for a 
solid-solid (repulsive-attractive) transition. Repulsive glasses yield due to internal particle friction, 
jamming, and squeezing; while the attractive glasses yield due to breakage of van de Waals bonds. 
These different mechanisms result in greater load-bearing capacity of the attractive glass compared 
to the repulsive glass at the same solids content. The lowest yield stress, near the transition, is 
attributed to a breakdown of the existing structure due to the elevated ionic strength which compresses 
the surface double layer of NCC and consequently reduces the effective volume fraction. However, 
samples at compositions corresponding to the onset to the repulsive/attractive transition still have a 
measurable yield stress indicating a solid-like behaviour, which reveals that the effective volume 
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fraction of samples at all salinities tested in figure 5.8 is above the glass transition. It is thus considered 
that the solid formed at high ionic strength is an attractive glass rather than a gel.  
 
5.3.4 Modelling Interaction Energy and Particle Aggregation 
According to Schulze-Hardy rule and the literature reviewed in Chapter 2 for NCC suspensions, e.g. 
ref. [25, 26], the critical ionic strength leading to destabilisation and aggregation of a colloidal 
suspension is independent of colloid volume fraction. However, the capacity for a system to undergo 
gelation in a measurable timeframe is a function of colloidal concentration (number density) which 
governs the aggregation kinetics (see section 2.2.4). Rheological observations depicted in the 
previous sections confirm such dynamic process of gelation in NCC suspensions by showing that the 
LSTs are determined by both salinities and NCC concentrations.  
Following theoretical framework reviewed in section 2.2.4, gelation of the NCC-salt system is 
described using Smoluchowski type aggregation kinetics with interaction potential modelled by the 
DLVO approximation. The interaction energy between NCC particles in water is calculated in terms 
of electrostatic repulsion and van de Waals attraction according to the DLVO theory (eqn. 2.2-13 to 
2.2-15). The structural evolution may involve many forces. Hydrogen bonds, present in most aqueous 
cellulose systems, provide a strong inter-molecular interaction which strengthens inter-particle 
cohesion. However, the van der Waals dispersion force has a relatively long range and is theoretically 
responsible for inter-particle attraction[20], and is therefore considered to have a predominant effect 
during structure formation. Models based on the DLVO theory have been applied to charged rod-like 
particles, including NCC [27, 28].  
The Hamaker constant is taken as 0.8 x 10-20 J for cellulose-water-cellulose interactions[29]. As the 
formation of a network requires orthogonal rather than parallel attachment of rods, the interaction 
area was taken to be equal to the square of rod width. The zeta potential as a function of salinity is 
obtained from Chapter 4. The interaction energy curves according to DLVO theory are shown in 
figure vi (Appendix B). With the addition of salt, the repulsive barriers that prevent the close contact 
between particles diminish and finally disappear, enabling the formation of percolated networks of 
NCC particles.  
In order to correlate and rationalise our experimentally-determined LST points with DLVO 
interaction, Smoluchowski type aggregation kinetics were considered for a simple colloidal model 
where collisions between individual particles initiate aggregation into doublets. Following eqn. 2.2-
16 to 2.2-21, the Fuchs stability ratio for NCC suspensions in salt solution is given in figure 5.9 (a).  
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(a) (b)
 
Figure 5.9 Modelled stability and gelation of NCC suspension as a function of salinity 
(a) Stability ratio of NCC aqueous suspension system with different concentrations of NaCl, calculated via eqn.2.2-21. 
Dashed line is to show the trend. (b) Plot of LSTs for a spectrum of reaction half-lives of simple single-to-doublet 
aggregation. Lines represent calculated compositions for the annotated t1/2 values in 10-6 s via eqn.5.3-2. 
Values of 𝑤 decrease with increasing NaCl concentration with a power-law dependence (figure 5.9a). 
A colloidal system with w around 1 shows noticeably higher aggregation rate (cluster growth vs. time) 
compared to a system with 𝑤 >>1[30]. For NCC suspensions, the addition of 10 mM NaCl results in 
a drop in stability ratio from a value in the thousands to approximately ten, indicating that 
theoretically 10 mM NaCl can trigger the gelation of NCC suspension in an observable time scale. 
This result agrees with the slow time-dependent behaviour of NCC suspensions shown in figure 5.5, 
such that suspensions with lower salinities than the measured LSTs can also undergo a gelation 
process at a slower rate. Compositions at the LSTs are used to estimate the half-aggregating time (t1/2) 
for primary particles using the equation below with the calculated “slow” rate constants.  
𝑡ଵ/ଶ ൌ ଵ௞೑ேభ,బ          (5.3-2) 
Surprisingly, the LSTs share a nearly identical half-aggregation time of approximately 6×10-6 s 
(figure 5.9b). The calculated curve is not very sensitive for small variations of t1/2, however, and can 
deviate a lot for much larger or smaller values of t1/2 as shown in figure 5.9(b). Note that the physical 
meaning behind these iso-halftime lines can be arbitrary if they do not reflect the experimentally 
obtained gelation points. Therefore, the measured LSTs in this study are reasonably interpreted with 
t1/2 around 6x10-6 s. Considering that particle doublet formation is the first step in the gelation process, 
gelation of NCC suspensions of different compositions follows very similar kinetics, and is 
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reasonably interpreted using a simplified model of colloidal aggregation theory with DLVO 
interactions.  
 
5.4 Conclusion 
This chapter significantly refines the phase diagram proposed for aqueous suspensions of NCC 
colloidal rods in Chapter 4 by utilising rheological methods and DVLO theory to quantify phase 
boundaries and establish their structural state in terms of “liquids, gels and glasses” across a broad 
range of NCC and NaCl concentrations. In addition, the study examines rheology at the phase 
boundaries and during the transition between phases, which expands upon previous literature 
(reviewed in Chapter 2) that focused on rheology[1, 2, 5] and microstructural states of NCC aqueous 
suspensions[31], hydrogel formation[3, 4, 32] and colloidal stability[33, 34].  
This chapter reports the detailed salt-concentration phase behaviour for NCC aqueous suspension in 
terms of distinct rheological properties, and new phases have been identified. Four phases – viscous 
liquid, viscoelastic liquid, repulsive glass and attractive glass/gel – exist over a composition range of 
1 to 11.9 wt% NCC and 0 to 0.1 M NaCl. These different phases provide the NCC suspension with a 
wide array of rheological properties from purely viscous to strong networked gel. Due to the rigidity 
of van der Waals bonds caused by attractive interactions at high salinity, NCC suspensions produce 
a strong attractive glass at high solids content with storage moduli above 1000 Pa and yield stresses 
of a few hundred Pascals. Softer NCC gels are obtained at NCC fractions 2-11.9 wt% and salt 
concentrations 10-50 mM. The gel strength of these compositions is determined by network density 
but not the rigidity and strength of individual bonds. The liquid-solid transition is reasonably 
rationalised by a simplified DLVO model. This indicates that the DLVO interaction is the 
predominant determinant of the phase transition induced by ionic strength. There is also a similarity 
in phase behaviour between the rod-like cellulose system and plate-like clay systems in response to 
salinity[16, 22]. This can be attributed to both having anisotropic shapes and highly charged surfaces, 
which are the crucial features governing particle interactions.  
Liquid-solid transitions (LSTs) of the NCC colloidal rod suspension are determined by the Winter 
and Chambon uniqueness of tan(δ) method. This method effectively identifies LSTs by a self-similar 
relaxation of the NCC colloidal rod suspensions, indicating a homogeneous network forms beyond 
the LST as commonly observed in polymer gels[10, 11]. However, as the cross-over of G’ and G’’ 
does not occur simultaneously at all frequencies, apparent solid-like behaviour (with G’>G’’ in one 
or a range of frequencies) is observed at salinities below the LST. If the suspension is allowed to age, 
a slow build-up of G’ is observed. This suggests that in this system, slow formation of weak structures 
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that do not follow a self-similar relaxation scheme is possible. This provides some insight into the 
formation of NCC hydrogels via phase separation, which highlights the possibility that a biphasic gel 
may form in these states. At this region of compositions, a macroscopically homogeneous colloidal 
suspension comprising micro-phases with aggregated or loosely interconnected particles of a similar 
type may be achieved. This kind of colloidal system is expected to respond differently under external 
perturbations, such as shear, thermal or light, due to its distinct micro- and meso- structures compared 
to the conventional colloidal suspensions that comprise one colloidal phase. This forms the inspiration 
and basis for the next chapter of this thesis.  
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Chapter 6 
Liquid Crystallinity of Aqueous NCC 
Suspensions and Gels1 
6.1 Introduction  
Following the findings described in the previous two chapters in terms of a liquid-solid phase diagram 
of NCC suspensions, and inspired by the reported experimental[1] and simulation[2] evidence on re-
entrant behaviour in liquid crystallinity of charged colloidal rods, this chapter investigates the role of 
suspension liquid crystallinity on the phase separation and thus gelation of NCC aqueous suspensions. 
Building on effort to construct a phase diagram accounting for both liquid-solid transition and 
isotropic-anisotropic transition, this chapter aims to show the discovery of an anisotropic solid state 
of NCC suspension that has not been reported previously. The methodology and discussion in this 
chapter is ultimately based on the literature review (Chapter 2) on liquid crystallinity and colloidal 
phase behaviour (section 2.2.2 and 2.2.4 respectively).  
The key attraction of anisotropic liquid crystalline soft solid materials is their directionally-dependent 
response due to the direction of molecular ordering being controlled by stimuli such as mechanical 
forces, electrical fields and temperature [3-6]. Liquid crystal gels (LCGs) may be used as a basis for 
creating anisotropic soft materials that intelligently respond to a variety of external stimuli[7]. LCGs 
have primarily been fabricated using elastomeric and organic solvents, and a key requirement for 
material selection is the need for the length scale of the network structure to be much larger than the 
length scale of the mesogen [8, 9]. When this size contrast is present, the directional order within the 
LC phase can be altered in response to external stimuli such as electrical fields [10, 11], and its 
subsequent relaxation to a random unordered orientation in the absence of external forces[12]. The 
                                                 
1 This Chapter forms the basis for my published article, “Liquid crystal hydroglass formed via phase separation of 
nanocellulose colloidal rods” in Soft Matter: 15, 1716-1720 (2019). DOI: 10.1039/c8sm02288g. Most parts of the article 
are written or reordered to suit the thesis. Figures and some paragraphs are reproduced with minor modifications to 
accommodate context. The content in this chapter also features a cover picture in Soft Matter which is attached as 
Appendix D. 
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aim of our research is to investigate the feasibility to fabricate similarly responsive LCG-like soft 
materials within an aqueous solvent environment.  
Fabricating responsive LCGs using hydrogels is particularly challenging [5, 13]. Once the directional 
order of the mesogens is set in place upon network formation, there is limited ability to modify their 
direction through external stimuli without adversely affecting the network structure and hydrogel 
rheology. Weakly cross-linked polymer networks that have a low storage modulus (G’ < 10 Pa) and 
a partially recoverable network structure provide one such route to achieve this [14]. However, such 
gels are fragile and it is much more desirable to have materials with higher gel strengths that are 
indicative of strongly bound or dense networks of polymers or colloids, but these characteristics also 
inhibit dynamic control of the ordering processes [13, 15]. It is perhaps even more challenging to 
form LC-hydrogels using colloidal rods for the LC phase because the rods are likely to be larger than 
the characteristic mesh size of a polymer or colloidal network gel, which violates the aforementioned 
design requirement found in LCGs fabricated using elastomeric and organic solvents.  
This chapter proposes to achieve the desirable features of LCGs in an aqueous environment by having 
a phase separated dispersion of colloidal rods (which form the LC phase) within a soft glassy 
microstructure; we term this new structural state a Liquid Crystal Hydroglass (LCH). Glass and gel 
states share similarity in their linear viscoelastic solid-like rheological properties, but can differ in 
their recovery from non-linear deformation forces [16]. A soft glass consists of colloids at a high 
volume fraction that are in a dynamically arrested and disordered state [17]. Sufficient shear causes 
soft glassy microstructures to rearrange, rotate and/or deform to a state where flow occurs. But upon 
cessation of shear, the elastic solid-like response is usually recovered over a reasonable timeframe, 
though the relaxation of shear-induced anisotropy and internal stresses can be slow due to its high 
solid volume fraction [18]. Colloidal gels contain low volume fractions of attractive colloids that 
assemble in a ‘gel’ network structure [19]. The network structure of most colloidal and polymer gels 
are broken upon sufficient deformation and transformed into a new structural state, which can include 
formation of dense aggregates and micro-gel domains, and the original gel network is not recovered 
on ceasing deformation [20]. 
The LCH is a gel because it is a soft solid with a low volume fraction of colloidal rods, but it is also 
a biphasic material with the LC phase dispersed within another phase that is in an attractive glassy 
state. The glassy morphology of the matrix is anticipated to provide greater potential than a cross-
linked gel microstructure for creating a LC soft material that exhibits ‘shear memory’, whereby the 
orientation of order within an LC phase imposed within a flow field is arrested upon cessation of 
shear thus keeping the ordered arrangement intact.  
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6.2 Background: Re-entrant LC State and Phase Separation 
As reviewed in Chapter 2, colloidal systems undergo phase separation when quenched into an 
unstable region, e.g. by increasing particle attraction through an increase in ionic strength, forming 
colloid-rich and colloid-poor phases[21]. With favourable kinetics of phase growth and separation, 
the bicontinuous phase can be preserved as a metastable gel[22]. Spinodal decomposition in colloidal 
systems has been investigated for the development of new classes of materials, including isotropic 
and liquid crystal gels [23, 24]. The use of spinodal decomposition to form an LCH is difficult to 
realize because increasing ionic strength is observed to drive anisotropic colloids from liquid crystal 
to isotropic behaviour[25-28], and thus formation of isotropic gels due to attractive interparticle 
forces. However, some electrostatically-stabilized anisotropic colloids (e.g. suspensions of cellulose 
colloids or virions) have been observed to exhibit an additional (re-entrant) transition from isotropic 
to liquid crystal phase with further increases in ionic strength[1, 2, 29]. A schematic phase diagram 
summarised in figure 6.1 shows that, if the conditions of spinodal decomposition coincide with the 
presence of liquid crystallinity, there is potential for an LCH to be produced.  
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Figure 6.1 Schematic phase diagram and transition of charged colloidal rod suspension. 
(a): The illustrative schematic phase diagram for charged colloidal rods: quantification of the position of phase 
boundaries depends on the colloid characteristics, type of ions present, and solvent. The shape of phase boundaries 
(dashed lines) are from our experimental observations (section 6.4) and previous chapters (Chapter 4 and 5) in NCC 
phase and rheology with additional theoretical background in colloid science (Chapter 2, section 2.2.2 and 2.2.4). 
(b): The schematic for transitions from point C to A then to B shows the formation of the liquid crystal hydroglass via 
spinodal decomposition (number of rods is kept constant). 
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For example, figure 6.1 shows that when a colloidal rod suspension with solid content C is quenched 
into an thermodynamically unstable region of the phase diagram, two phases in finite domains with 
colloid content C1L and C1S are simultaneously formed; the former is a liquid crystal phase and the 
latter is an isotropic phase with attractive glass morphology. These phases can exist in a biphasic 
‘cells and frame’ structure of liquid crystal domains within a matrix phase forming the soft glassy 
microstructure (state CS is in an attractive glass morphology due to that the colloid-rich phase crosses 
glass transition, as reviewed in Chapter 2 section 2.2.4). Note that this LC-isotropic-LC transition 
differs substantially from documented isotropic-LC-isotropic re-entrant in lyotropic LCs that largely 
arise from competing effects on second virial coefficient [30, 31]. A recent theoretical study has 
indicated that for the existence of a re-entrant LC state (see figure 2.8, section 2.2.2) and thus for 
conditions of spinodal decomposition to coincide with the presence of liquid crystallinity, a particular 
combination is required for the colloidal rod aspect ratio and the relationship between the colloid’s 
zeta potential and suspension ionic strength[2]. Due to the tunable nature of colloidal systems, we 
anticipate that LCHs can be obtained over a range of compositions through appropriate selection of 
dissolved ion type and colloid (the LCH regime is shown as the shaded region in figure 6.1).  
 
6.3 Experimental 
Specifications of NCC and other chemicals used can be found in Chapter 3 (Methodology), together 
with details of sample preparation, rheological measurements and particle size and aggregation 
determination.  
Cross polarized photographs are taken with the sample placed between two polarizers. A Cannon 
70D camera was used. Polarizers used were from Edmund Optics, and specified for light transmission 
across two polarizers with perpendicular axes of =0.1%. A panel LED backlight from Edmund Optics 
with a colour temperature of 6500K and <1% difference in light intensity over the panel was used. 
Samples were aged for 20 days before observation.  
Crossed polarized micrographs were prepared using an Olympus BX40 microscope equipped with 
polarizers above the light source and a polarized filter before the image sensor.  
NCC suspensions and hydrogels were characterised at 25 °C using small angle x-ray scattering 
(SAXSess mc2, Anton-Paar, Austria). The x-ray (λ=0.1542 nm) was incident from a 40kV generator. 
The obtained 2D SAXS data was converted to a 1D scattering curve using Saxsquant software by 
radial integration. The background scattering (for DI water with according salinities) was subtracted 
from SAXS data before analysis in Saxsquant software. 
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6.4 Results and Discussion 
6.4.1 Re-entrant Liquid Crystalline Sate and Liquid Crystal Hydroglass 
The preparation of a LCH is demonstrated using colloidal nanocrystalline cellulose (NCC) rods in 
this chapter. As discussed in previous chapters, the rods are electrostatically-stabilized in aqueous 
suspension due to surface hydroxyl and sulphate groups. These suspensions undergo complex liquid-
solid phase transitions and rheological changes in response to altering the NCC concentration and 
ionic strength (Chapter 5). With increasing ionic strength, the NCC suspension transitions from: 
liquid crystal →isotropic →re-entrant liquid crystal →biphasic LCH →isotropic gel (figure 6.2 
shows cross-polarized images showing these transitions). From figure 6.2, the liquid crystal phase is 
replaced with an isotropic phase with increasing ionic strength, followed by formation of a re-entrant 
liquid crystal phase similar to literature reports[1]. The birefringent liquid crystal hydroglass forms 
at ionic strength 25-50 mM NaCl equivalent. The isotropic gel present at 100 mM is dark due to lack 
of an ordered phase. 
 
Figure 6.2 Cross-polarized photographs of 5wt% NCC suspensions. 
Photographs taken between crossed polarizers for varying NaCl concentration (increasing left to right, in mM). 
The biphasic LCH structure with a coexisting liquid crystal phase and matrix attractive glass phase 
(figure 6.2) is confirmed by small angle x-ray scattering measurements (figure 6.3a) by plotting 
Lorentz-corrected intensity (q2×I) against scattering vector q. This plot has been used to investigate 
rod packing in colloidal systems including NCC [32] where the q value for each peak corresponds to 
the ‘preferred’ correlation distance between rods. LCHs (curve i) show two characteristic peaks 
located at a similar q for liquid crystal suspensions (labelled “No NaCl”) and isotropic gels (attractive 
glass morphology, curve iii) respectively. The LCH becomes darker in appearance under cross-
polarizers, which indicates a decay of the anisotropy as it approaches the transition to an isotropic gel 
with increasing ionic strength (figure 6.3b). As illustrated in figure 6.1, the meso-morphology of the 
NCC suspension is anisotropic when a LC phase is present but is ‘isotropic’ when the proportion of 
liquid crystal phase is negligible. For example, the isotropic biphasic gel at point B consists of a 
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colloid-poor phase BL while the anisotropic gel at point A has a much higher solids content in its 
nematic liquid crystal phase AL (figure 6.1).  
 
Figure 6.3 Characterization and phase diagram showing LCHs. 
(a): Small angle x-ray scattering curves for 5 wt% NCC suspensions. Data is presented with Lorentz-corrected intensity 
(q2×I) against scattering vector q. Curve i and iii correspond to the composition in (b). 
(b): Cross-polarized micrographs for LCHs (25 and 50 mM NaCl) and isotropic gel (100 mM NaCl) with 5wt% NCC 
content. Liquid crystal phase is bright under cross-polarizers, isotropic attractive glass phase is dark (see figure i in 
Appendix C for micrographs with various different polarizer alignments justifying this biphasic state). Scale bars are 
100 µm. Histograms are pixel counts (×104 pixel, y-axis) vs. brightness (grey scale values, x-axis) obtained using the 
“imhist ()” function in MATLAB. The brightness distribution shifts to left side (dark) mean the LCH loses its anisotropy 
as salinity increases. Inserts are appearance of corresponding samples observed via cross-polarizers. 
(c): Concentration-salinity phase diagram of NCC colloidal suspension determined by rheological measurements and 
birefringence. Diagram is modified from figure 5.4. Additional phase division lines C and D are the boundaries 
between ordered and disordered regions determined from birefringence. 
A phase diagram is mapped by modifying the liquid-solid phase diagram in Chapter 5 according to 
additional rheology and birefringence measurements, which indicates the presence of the LCH in a 
region of ionic strength from 15 to 50 mM NaCl (equivalent) and NCC content from 1 to 9 wt% 
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(figure 6.2c). New phases are identified: the yellow region represents the liquid crystal hydroglass 
while the blue region is the re-entrant liquid crystal phase. Note that the single-phase liquid crystal 
(marked as blue squares) is present within a very narrow range of compositions, which almost 
coincides with the liquid-solid transition points (black circle), and consequently is not delineated as 
a distinct region as it is in figure 6.1. 
 
6.4.2 Rheology and Shear Memory 
The LCHs prepared here exhibit long-lasting shear memory. Shear induces local alignment of 
anisotropic particles that is observable under polarized light. In typical liquid crystal suspensions, this 
alignment is temporary and particles relax to a preferred orientation shortly after shear (figure 6.4, 
second row). In contrast, our LCH consists of NCC as both the liquid crystal component and the 
structural component within the attractive glass phase, and thus their dimensional equivalence hinders 
the relaxation process for the rods in the LC state. Shear forces temporarily disrupt the soft glassy 
structure of the attractive glass phase to allow alignment of particles in the local flow direction. Upon 
cessation of shear, the glassy microstructure rapidly recovers to constrain the reorientation of particle 
ordering in the liquid crystal phase, and the shear-induced structural alignment is retained over 
observable time frames (figure 6.4, first row). From figure 6.4 e and j, surface deformations rapidly 
disappear with both materials returning to a flat surface with no features evident when viewed with 
unpolarized light; the shear history is retained within the internal structure of the LCH.  
 
Figure 6.4 Cross-polarized pictures for NCC LCH and LC suspension. 
a to d, 5 wt% NCC with 35 mM NaCl (liquid crystal hydroglass); f to i, 7 wt% NCC (liquid crystal suspension). “UQ” 
has been drawn by moving a pipette on samples. Flow patterns within the liquid crystal hydroglass are persistent while 
those within a liquid crystal suspension disappear, demonstrating the ability of the LCH to maintain structural 
alignment. e and j show the respective samples without polarizers. 
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Application of shear to the LCH induces changes in the mesostructure that are observed in terms of 
a greater alignment of particles in the LC phase and an increasingly finer microscopic ‘grain’ size 
(comminution) with increasing pre-shear rate (figure 6.5a-d). The effect of shear on the attractive 
glass and LC phases is depicted in figure 6.5 (e).  
 
Figure 6.5 Cross-polarized pictures for NCC samples with different pre-shear history 
(a) to (d): Cross-polarized pictures (light transmitted through crossed polarizers) of liquid crystal hydroglass (5 wt% 
NCC 35 mM NaCl) with specified pre-shear. Inserts show cross-polarized optical micrographs of the position marked 
by white rectangle. Bright regions represent the liquid crystal phase while dark regions are condensed phase. Scale 
bars are 100 µm. Finer and more aligned structure is observed at higher pre-shear rates. (e): A schematics depicts the 
interpreted flow-induced structural changes in this biphasic LCH structure and the mechanism by which they are 
sustained. 
The mechanical strength of the LCH is dependent on shear history, which is represented by the storage 
modulus G’ and an apparent yield stress σy (figure 6.6a, b). Shear is observed to strengthen the LCH; 
the value of G’ over a range of frequencies (ω = 1-100 rad/s) increases from a baseline of ca. 20 Pa 
without pre-shear to ca. 50 Pa and ca. 80 Pa following exposure to pre-shear rates of 5 s-1 and 50 s-1 
respectively (figure 6.6a). The response of the LCH’s σy and G’ to pre-shear demonstrates bipartite 
behaviour at shear rates around 0-20 s-1 and 100-200 s-1 (figure 6.6b). Strength increases at low and 
high shear correspond to flow-induced structural changes (figure 6.5 e). Finer structural elements in 
complex materials, structural uniformity, and structural order often lead to higher mechanical strength 
and toughness[33]; it is anticipated that similar mechanisms are at play here when a pre-shear of 100 
s-1 is applied (figure 6.6c) to produce a mechanically stronger mesostructure. From figure 6.6 (c), the 
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mechanical work improves the overall mechanical properties in terms of stiffness (slope of linear part 
σ vs. γ curves), strength (yield stress) and toughness (yield strain, and area under σ vs. γ curves before 
yield point). This observation also explains the pre-shear effect on rheological measurements reported 
in Chapter 5 where substantially different moduli were recorded for samples pre-sheared at different 
shear rates. As shown in figure 6.6 d, the G’ of available liquid crystal gel ranges from ca. 1 to ca. 
1000 Pa for un-sheared samples, and to ca. 3000 Pa for samples pre-sheared at 100 s-1. This variation 
in mechanical response allows creation of hydrogels with a composition and structure optimising the 
strength for particular applications. It should note that the shear-history dependency of LCHs differs 
substantially from those observed in polymeric LC fluids. The later is caused by the domain structure 
and alignment within domains according to polydomain theory (see section 2.2.3).  
 
Figure 6.6 Mechanical properties of LCHs 
(a): Storage modulus G’ at 1 Hz, and (b), yield stress σy for LCH with 5 wt% NCC and 35 mM NaCl. (c): Shear 
stress σ-strain γ curves for LCH with 7 wt% NCC and 50 mM NaCl. Yield points are identified as the end of linear part 
of σ vs. γ curves. Non-linear viscoelastic behaviour (beyond the yield point) of this LCH with and without pre-shear is 
the shaded region. (d), Mechanical properties (represented by G’ at 1 Hz) of NCC suspensions over a range of 
compositions and pre-shears. All compositions shown here are within liquid crystal hydroglass region as per figure 6.3. 
A key innovation here is finding conditions where a single type of colloidal rod forms a biphasic soft 
solid that includes a LC phase. The lack of size contrast between components within each phase 
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allows dynamic arrest of the particles in the LC phase in a directionally orientated state. Formation 
of liquid crystal glasses and the LCH demonstrated here using NCC is a unique solution to the 
technical challenge of creating LCGs that combine an anisotropic phase with structural durability. In 
addition to shear history, the LCH’s rheological properties are controllable by quenching to higher 
ionic strengths, which increases the proportion of the attractive glassy phase relative to liquid crystal 
phase (figure i and ii in Appendix C). With this approach, anisotropic hydroglasses can be created in 
a wide range of compositions (yellow region in figure 6.3c) to achieve tunable mechanical strengths 
ranging from G’= ca. 1 to 1000 Pa (figure 6.6d). 
 
Figure 6.7 Complex structural alignments in traduced in LCHs by flow fields. 
(a) Expansion flow (loading sample into a syringe), (b) helical flow (stirring with a magnetic stirrer), and (c) suction 
flow (using a pipette). Photographs were taken between crossed polarizers 2 hours subsequent to imposing the flow 
field. Inserts are the schematics of respective flow patterns. 
This new class of liquid crystal material and its preparation method has potential use in applications 
that require delicately-controlled particle alignment and spatial variation in their physical and optical 
properties. One application of particular significance is arbitrary control over spatial patterns of 
particle alignment. Various patterns can be achieved by imposing different flow fields (figure 6.7). 
Simply moving a pipette through the NCC-based LCH allows the liquid crystals to be drawn into a 
pattern (figure 6.8), whilst pre-shearing between torsionally driven parallel plates creates a gradient 
of structural alignment and mechanical strength from the outer edge to the centre (see figure 6.5). 
These indicate the potential to create arbitrarily complex structural, mechanical and optical 
heterogeneity through flow and other forces. The ability to form complex mesostructures may assist 
in the mimicry of natural material structures with a hierarchy of structural orientational ordering over 
a range of length scales[34, 35], which can otherwise be difficult to replicate through fabrication 
processes, while the structural anisotropy is expected to demonstrate interesting physical properties 
such as anisotropic diffusion[36, 37]. The LCH shows potential for eliciting a pre-determined 
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response of the liquid crystal to particular external perturbations, including thermal and shear, and 
provide a programmable shape change of interest in a range of applications[6, 12].  
 
Figure 6.8 Spatially heterogeneous structural anisotropy induced by heterogeneous flows. 
An example of a spatially heterogeneous pattern induced by heterogeneous flow. A word “Rheology” is drawn on the 
LCH and the cross-polarizer photograph and micrographs are 2 hours later. Micrographs correspond to positions 
indicated by white arrows (edge of letters). As in figure 6.4, the surface of the gel relaxes, with relevant internal 
structures only visible under polarized light. Scale bars are 100 µm. The structural ordering of this material is 
programmable by the flow filed in an almost arbitrary way, enabling simple introduction of spatial heterogeneity. 
 
6.4.3 Modelling Re-entrant Liquid Crystalline State 
To the best of our knowledge, except for a few cases listed in the beginning of this chapter[1, 2], there 
are almost no studies about the characteristics of a re-entrant liquid crystal phase present at high ionic 
strength in colloidal suspensions (as shown in figure 6.2). As depicted in previous sections, this 
behaviour differs from those reported isotropic-LC-isotropic re-entrant behaviour and displays 
promising properties with various potential applications. However, the origin of the re-entrant liquid 
crystal phase is not completely understood. The coexistence of two nematic phases within the phase 
diagram of an aqueous suspension of colloidal rods is achievable through appropriate combinations 
of particle shape and surface charge[2]. The origin of this hypothesis is based on Onsager’s theory by 
considering the combined influence of salinity on effective volume fraction of charged colloids 
according to both the Debye screening effect and the twisting effect as reviewed in section 2.2.2 and 
illustrated in figure 6.9. The addition of salt compresses the thickness of surface hydration layer of 
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charged colloids and thus reduces the effective volume fraction following the Debye screening effect. 
However, at elevated salinity, the twisting angle between colloidal rods may be increased. It’s because 
rods tend to minimize the ‘contact’ area of repulsion and reduce the interparticle repulsion, given that 
the distance between rods is reduced due to electrostatic screening, which can increase the effective 
volume fraction. I believe that this non-monotonic change in effective colloidal volume fraction leads 
to the presence of re-entrant liquid crystal phase at high salinity. This explains why we name this 
material as a ‘glass’: the effective volume fraction of colloids is sufficiently increased to form a 
dynamically arrested state, as is observed in soft colloidal glasses, before spinodal decomposition. 
The shear memory ability of the LCH prepared here is also believed to originate from this unique 
glassy state, as the jammed nematic phase at high salinity due to increased effective volume fraction 
hinders the rotational diffusion of colloidal rods.  
 
Figure 6.9 Schematics of the influence of salinity on the effective volume fraction of rod-like 
colloids. 
The concept is from section 2.2.4 (Chapter 2), that increased salinity causes a smaller effective diameter (D’<D) but a 
larger twisting angle (') between rods  and ’. It leads to a non-monotonic change in effective volume fraction (E) 
as a function of salinity. 
Besides the above scheme, the presence of the liquid crystal hydroglass phases is also affected by the 
balance between electrostatic repulsion and van der Waals forces, which controls the aggregation/ 
gelation of the colloidal system. Liquid crystal phase present below the critical salinity for gelation 
is necessary to enable phase separation to occur in an ordered phase. An example of this effect is 
illustrated in figure 6.10 below, showing a hypothetical phase diagram of colloidal rods (L=200nm, 
D=15 nm) for a range of compositions comparable to our experimental conditions. The isotropic (I)-
nematic (N) phase boundaries for three types of dependence of zeta potential on salinity were 
determined by approaches described in the literature reviewed in section 2.2.2 [2, 38]. The calculation 
based on Onsager’s theory or its modifications such as SLO methods depicted in section 2.2.2 
provides qualitative prediction of I-N transitions, but is unable to predict a precise boundary that 
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agrees with experimental observations [25, 39]. Nevertheless, this method can provide a reasonable 
prediction for comparing systems with different characteristics such as zeta potential as a function of 
salinity, and is thus used in this study to qualitatively show the pre-requisite for existence of LCH 
state in colloidal rod suspensions. Figure 6.10 also roughly shows liquid-solid (L-S) boundaries in 
the diagram calculated from jamming volume fraction (line A) and critical flocculation concentration 
(from Schulze-Hardy rule, eqn. 2.2-16, line B). The relationship of zeta potential to salinity (red, 
green, and blue on insert of figure 6.10) determines the relative position of the I-N and L-S boundaries. 
Systems marked by red and green lines can form a liquid crystal hydroglass, as the I-N boundary is 
crossed before L-S boundary.  In contrast, a system indicated by the blue line gels before reaching re-
entrant LC phase as increasing ionic strength. Therefore, besides a proper aspect ratio, a particular 
zeta potential-salinity relationship is required for a re-entrant nematic phase to coincide with gelation, 
in order to fabricate a LCH. This zeta potential-salinity relationship is ultimately tunable by 
modification of the colloidal surface or using a different type of salt.  
 
Figure 6.10 Hypothetical phase diagram for colloidal rods in aqueous suspension. 
This figure is drawn following the method in reference [2, 38] (as reviewed in Chapter 2). The solid line is the 
boundary of nematic phase while the dashed line is that of isotropic phase. The area between solid and dashed lines is 
the region where nematic and isotropic phases coexist. The colours (blue, red and green) are corresponding to the zeta 
potential dependence on salinity (inset at top right). Dotted lines are hypothetical liquid-solid boundaries; line A is 
according to the jamming volume fraction of colloidal rods while line B is the critical flocculation concentration from 
Schulze-Hardy rule which largely represents the gelation line (see Chapter 5). 
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6.5 Conclusion 
Following the previous chapters on constructing liquid-solid phase diagram of NCC suspension, and 
based on theoretical framework reviewed in Chapter 2 on liquid crystallinity and colloidal phase 
behaviour, this chapter of thesis has shown that by providing proper solution environments, aqueous 
suspensions of NCC rods can phase separate into an attractive glass matrix phase and a co-existing 
LC phase. The new anisotropic soft material formed is termed here as a Liquid Crystal Hydroglass 
(LCH). The LCH is a gel because it is a soft solid with a low volume fraction of colloidal rods, but it is 
also a biphasic material with a LC phase dispersed within another phase that is in an attractive glassy 
state.The LCH has a persistent but reversible flow programmable particle ordering due to the faster 
recovery of attractive colloidal glass than the orientational recovery of rods within the LC phase, 
which is lacking in common LC gels/hydrogels. This flow programmable structure causes LCHs to 
possess tunable rheological and physical properties. It highlights that the prerequisite for existence of 
LCHs is the presence of a re-entrant liquid crystal phase at high ionic strength, which is ultimately 
achieved by manipulating inter-particle forces as a function of solution salinity. Therefore, this has 
inspired further work in this thesis to seek a way to control the compositional window for such re-
entrant LC phase to achieve this unique anisotropic solid state in various systems with a wider range 
of compositions.  
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Chapter 7 
Rheological and Structural Characteristics of 
NCC Liquid Crystal Hydroglass 
7.1 Introduction 
Chapter 6 reports the existence of liquid crystal hydroglass (LCH) as a unique anisotropic solid state 
within the phase diagram of NCC suspensions. Fundamental rheological properties and anisotropic 
structure of LCH were characterised, and the ability to tune the orientation of NCC rods and trap them 
in place (shear memory ability) was revealed. However, after realisation of such a novel anisotropic 
soft material, a more detailed understanding on the properties of LCH materials and its formation is 
required, which includes the phase separation and gelation processes. This chapter aims to address 
this need by determining whether LCH can be made with tunable mechanical properties, such as 
varying G’ over three orders of magnitude. In addition, it seeks to investigate how salt ions affects 
the phase separation process by examining colloidal stability and liquid crystallinity in response to 
ion specificity. The chapter also seeks to link structural properties of the LCHs to their rheological 
response.  
 
7.2 Background: Anisotropic Hydrogels and NCC LCH 
Structural anisotropy is crucial for many natural and artificial bio-structures, e.g. cornea[1] and 
muscle [2], to perform their function, such as light transmission, mass transfer and mechanical 
deformation[3, 4]. It is thus not possible to replicate biological function using isotropic hydrogels, 
which has stimulated interest in fabricating hydrogels with anisotropic morphology. Anisotropic 
hydrogels are a class of soft materials comprised of a three-dimensional cross-linked network and an 
anisotropic component. The network provides solid-like rheological behaviour, while the anisotropic 
component produces directionally-dependent response to external stimuli, such as mechanical forces, 
electric fields, and temperature[5-7]. Due to this unique combination of mechanical durability and 
structural ordering, anisotropic hydrogels have potential biophysical and biomedical applications, 
including mimicry of biological systems having a hierarchy of orientational anisotropy over a range 
of length scales, e.g. cartilage[8].  
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Typically anisotropic hydrogels are fabricated in two steps: firstly aligning the anisotropic 
components (polymeric liquid crystals or anisotropic colloids) with an external field, such as shear 
flow [9, 10] or electric/magnetic fields [11, 12]; and secondly fixing the alignment via polymerisation 
or phase segregation which achieves a dynamically arrested state. Successful preparation of 
anisotropic hydrogels has proven difficult because materials are infrequently easily conducible to 
both alignment and gelling [13-15]. For example, flow-induced alignment of anisotropic colloids such 
as cellulose nanofibers[16], peptide[17], liquid crystals[18], or surfactant bilayers[19] is temporary, 
and particles tend to relax to random orientation rapidly following shear. Producing anisotropic 
hydrogels with these materials requires sophisticated design to ensure gelation is achieved within this 
narrow time frame. Electric fields can be used to orient some dipolar particles such as surface-
modified carbon nanotubes [20], which allows creation of homogeneous anisotropy that is otherwise 
rarely achievable. However, it is difficult to produce complex structural order, particularly spatial 
heterogeneity using electric fields [13, 21, 22].  
Phase separation is a common method to fabricate colloidal hydrogels [23-25]. Aqueous colloidal 
suspensions can form a hydrogel following phase separation through spinodal decomposition (as 
reviewed in Chapter 2 section 2.2.4). This consists of quenching a homogeneous suspension into a 
thermodynamically unstable state, e.g. by increasing ionic strength, resulting in colloid-rich and 
colloid-poor phases[26]. With an appropriate combination of colloidal size, shape, concentration and 
interparticle forces, the kinetics of spinodal decomposition are such that the phases do not sediment 
(from fast phase separation) nor form a close-to-homogeneous structure (from slow phase separation). 
With these favourable kinetics of growth and separation for both phases, a biphasic metastable 
hydrogel forms[27]. Spinodal decomposition of colloidal suspensions has been extensively 
investigated, including the development of new classes of isotropic and anisotropic soft materials [28-
31]. The use of spinodal decomposition in suspensions of anisotropic colloids such as cellulose 
nanofibers to form an anisotropic hydrogel has not been previously realised. This is because spinodal 
decomposition requires colloidal systems to enter a thermodynamically unstable state (e.g. by 
increasing ionic strength). Thermodynamic destabilisation induces most anisotropic colloidal systems 
transition to isotropic behaviour before the conditions necessary for spinodal decomposition are 
achieved. This consequently results in an isotropic hydrogel [32, 33].  
Chapter 6 revealed the LCH as a new class of biphasic anisotropic soft material and suggested it arose 
via spinodal decomposition of the charged colloidal NCC rods. Chapter 6 shows that the presence of 
liquid crystal phase at high salinities allows spinodal decomposition to coincide with an anisotropic 
phase. This consequently leads to formation of a biphasic material containing both an attractive glass 
phase and a liquid crystal phase. The attractive glass matrix is formed when the separated colloid-
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rich phase reaches the glass transition i.e. the glass transition line is crossed before spinodal line (see 
section 2.2.4). The attractive glass phase is reversibly breakable, allowing the liquid crystal phase to 
align under external forces such as shear flow, but quickly jamming the liquid crystal phase in its 
orientation after external forces cease. Anisotropic orientations created in this manner are metastable, 
but are temporally persistent over observable time frames. This feature provides an efficient solution 
to the technical challenge in fabricating anisotropic soft materials, and enables the introduction of 
arbitrarily complex structures by applying different flow fields. This NCC LCH gel differs 
substantially from previously-reported NCC isotropic hydrogels[34-37], anisotropic hydrogels[38, 
39], and composite hydrogels formed via freeze-casting[5, 40], as none of these hydrogels 
demonstrates reversibly-tunable structural anisotropy and mechanical properties after the network is 
formed.  
7.3 Experimental 
Nanocrystalline cellulose and other materials used in this chapter are described in Chapter 3 
(Methodology) together with sample preparation methods.  
Rheological measurements, particle size and surface potential determination are detailed in Chapter 
3.  
Methodologies for optical characterisation, including cross-polarised photograph and micrographs, 
are detailed in section 6.3 (Chapter 6). Methods for small angle x-ray scatterings (SAXS) 
characterisation are also detailed in section 6.3.  
A commercial DWS instrument (Rheolaser, Formulaction, France) equipped with 650 nm laser was 
used to characterise the motion of NCC particles in suspensions and hydrogels at 25 ℃. With known 
particle size from DLS measurement, the photon transport mean free path l* is estimated from the 
colloid refractive index (cellulose, 1.47) and solvent (water, 1.33), wavelength, and concentration 
based on Mie-theory [41, 42]. For 5 wt% NCC suspension, l* is c.a. 600 μm, which satisfied the 
requirement of L/l*>10 (L is the vial thickness, approximately 2 cm)[43]. The colloidal motion of 
NCC particles can be represented by the mean-square displacement (MSD) as a function of the 
correlation time. Samples were rested for 30 min before measurement to eliminate initial effects. Five 
measurements were made for each curve to confirm reproducibility.  
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7.4 Results and Discussion 
7.4.1 LCH Formation and Optical Observations 
Following Chapter 6, besides the liquid-solid transition (gelation), LCH formation depends on liquid 
crystallinity (anisotropy) of the NCC suspension as a function of solid content and particle attraction. 
A schematic phase diagram is shown in figure 7.1, with liquid/solid phases marked by their 
isotropic/anisotropic behaviours. The presence of a re-entrant liquid crystal phase at high ionic 
strength fulfils the prerequisites for the formation of LCH: spinodal decomposition (and consequently 
gelation) coincides with an anisotropic liquid crystal phase. Scheme A-D in figure 7.1 illustrates the 
interplay between liquid crystallinity and gelation of NCC suspensions, and photographs of 7 wt% 
NCC suspensions at increasing NaCl concentration are used as an example to show the transition 
through the phases (images in figure 7.1). The progressive addition of salt to a liquid crystal 
suspension (A) results in an initial reduction (B) and subsequent increase (C) of the proportion of 
liquid crystal phase. The suspension is then ‘quenched’ into the thermodynamically unstable region 
(D) to cause spinodal decomposition and separation into DL and DS phases, and resulting in the 
biphasic LCH. DS is a colloid-rich phase with an attractive glass morphology that forms the matrix 
of LCHs and provides solid-like rheological behaviour. DL is a liquid crystal phase that provides 
LCHs with anisotropic characteristics. 
 
Figure 7.1 Schematic phase diagram of NCC aqueous suspension. 
Relative positions of each phase and shape of boundaries are according to Chapter 5,6 and theoretical works in 
gelation[44] and liquid crystallinity[45] of colloidal suspensions (Chapter 2). Pictures A-D on the right are taken 
through cross-polarisers and with corresponding physical states located on A-D respectively on the phase diagram. 
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Figure 7.2 shows photographs and microscopy images taken through cross-polarisers, illustrating the 
formation of LCHs at two NCC concentrations and with two types of salt (NaCl and NaSCN). Liquid 
crystal (anisotropic) phase is bright under cross-polarisers while the attractive glass matrix (isotropic) 
is dark. Two general trends are observed from these pictures. Firstly, the proportion of liquid crystal 
phase in LCH decreases when ‘quenched’ to a higher salinity, eventually forming an isotropic gel at 
100 mM salt concentration. This demonstrates a continuum of phase transition, under which the 
anisotropy becomes negligible as the colloid-poor phase DL approaches isotropic behaviour. Secondly, 
compared with NaCl, NaSCN produces finer ‘grains’ and a more uniform distribution of the liquid 
crystal phase. This is attributed to different phase separation schemes induced by these two types of 
salt, driven by differences in colloidal stability and ion specificity.  
 
Figure 7.2 Cross-polarised pictures and micrographs for LCHs. 
Samples are with salinity from 15 to 100 mM (across), NCC solid content (right), and type of salt (left). 
Scale bars represent 100 μm. 
7.4.2 Colloidal Stability 
Understanding NCC colloidal stability, and change in stability resulting from addition of electrolyte, 
is important for proper interpretation of the formation of LCHs because colloidal stability plays a key 
role in phase separation and gelation. As reviewed in Chapter 2 (Literature Review), NCC colloidal 
stability[33, 46], phase separation[47-49] and their correlation with rheology[50, 51] have been 
explored in the literature, however, previous studies have not realised the formation of LCHs or 
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characterised the underlying phase separation process leading to this anisotropic state of soft solid. 
With few exceptions[52, 53], the effect of ion specificity on the stability of suspension of charged 
colloids is rarely discussed, though relevant relationships are well documented for solutions of protein 
and other natural or artificial macromolecules[54-56]. Additionally, the effect of ion specificities on 
the phase separation and gelation equilibrium of charged colloids, including NCC, has not been 
previously studied according to my review of the literature.  
 
Figure 7.3 Particle size distribution curves of NCC dispersed in aqueous salt solutions.  
NCCs were dispersed in (a) NaCl and (b) NaSCN solutions of salinity from 0 to 100 mM. The y-axis is the distribution 
function determined from scattered light intensity (in arbitrary units). Curves are shifted along the y-axis to make them 
distinguishable, with the relative peak size unchanged. 
The particle size distributions (PSDs) of NCC dispersed in salt solutions with concentrations of 0 to 
100 mM are shown in figure 7.3. The addition of NaCl (figure 7.3a) versus NaSCN (figure 7.3b) 
causes different particle aggregation schemes. The addition of 10 mM NaSCN shows a sharper peak 
in the PSD at c.a. 100 nm, indicating a narrower dispersity of NCC comparing with the zero-salt-
added sample, while 10 mM NaCl does not substantially alter the PSD. NaCl concentrations of 25 
mM or higher lead to agglomerations of NCC, signalled by the broadened peaks at larger 
hydrodynamic radius (c.a. 200 nm). Smaller peaks in the PSDs of NCC dispersions with this range 
of NaCl concentrations is attributed to un-aggregated particles [57, 58]. The 25 and 50 mM NaSCN 
conditions have broad but still well-defined peaks in the PSDs, which is characteristic of the 
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formation of stable clusters, indicating that aggregation takes place at a small scale, without 
macroscopic phase separation.  
NCC is electrostatically stabilised in aqueous solution due to its negatively charged surface. 
Consequently, variation of ζ potential in response to solution salinity provides a direct measurement 
of the colloidal stability and the critical aggregation threshold. Colloidal suspensions are considered 
stable if the absolute ζ potential of dispersed colloids is above 30 mV[59]. The values of ζ potential 
of NCC in 0 to 50 mM NaCl and NaSCN suspensions are illustrated in figure 7.4. For salinity above 
1 mM, a large deviation in ζ potential can be seen for NCC dispersed in NaCl and NaSCN solutions: 
the NCC loses its stability at ~10 mM NaCl, however it can remain stable at up to 25mM in NaSCN 
solution (the magnitude of ζ potential is just slightly below 30 mV even at 50 mM NaSCN). The ζ 
potential measurements suggest that the NCC particles in NaSCN solution can retain electrostatic 
repulsion to a higher salinity that those in NaCl, consequently inhibiting phase separation.  
 
 Figure 7.4 ξ potential measurement of NCC dispersed in aqueous salt solutions. 
Error bars represents standard deviations. 
The colloidal behaviour of NCC particles in NaSCN solutions is in accordance with theoretical works 
[26, 60] regarding phase separation processes during physical gelation of colloidal suspensions. The 
rate of phase separation is closely dependent on the relationship between colloidal interparticle 
repulsion and environmental parameters (e.g. temperature, ionic strength). Sharp changes in repulsion 
in response to external perturbation lead to rapid phase separation, whilst gradual changes lead to 
slow phase separation (as reviewed in Chapter 2). The former leads to the macroscopic phase 
separation as even a very small step change in the environmental parameter above a threshold 
provides sufficient interparticle attraction to form large clusters or flocs, as a precursor to gelation. 
However, in the latter circumstances, the macroscopic phase separation is supressed because a small 
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step change in the environmental parameter above the threshold of destabilisation does not provide 
enough ‘degree of sub-cooling’ (deviation from equilibrium state) for formation of observable 
aggregates. Therefore, under conditions in which phase separation is supressed, colloidal suspensions 
can undergo a phase separation process closer to the equilibrium route (micro-phase separation) in 
which it is possible to obtain stable clusters, and then lead to a more homogeneous gel structure if 
quenched further. As detailed in Chapter 2 (section 2.2.4), such prohibited phase separation can be 
achieved by balancing short-range attraction and long-range repulsion forces. In this work, from 
figure 7.4, the ζ potential remains sufficient negative for electrostatic repulsion, meanwhile the Debye 
length (as a function of ionic strength and to indicate double layer thickness) is reduced to enable 
particles to come closer together and van der Walls attraction to occur. Therefore, this close-to-
equilibrium phase separation route observed in NCCs suspensions with NaSCN indicates a balance 
between repulsion and attraction forces at high salinity, as seen from the formation of finite-size 
cluster in figure 7.3. The NaSCN can thus promote colloidal stability and supress phase separation in 
NCC dispersion, which is not achievable by NaCl.  
Different phase separation routes resulting from NaCl and NaSCN can originate from specific ion 
effects, based on the knowledge that hydration of ions influences the stability of charged colloids or 
macromolecules dispersed in the solution via the Hofmeister phenomena[54-56]. According to 
Hofmeister phenomena, SCN- is a chaotropic (weakly hydrated) ion which is deemed to promote the 
surface hydration of dispersed colloids and enhance the colloidal stability, especially for negatively 
charged particles e.g. NCC; while Cl- is a kosmotropic (strongly hydrated) ion that reduces the 
colloidal stability and promotes the particle aggregation and phase separation.  The suppression of 
macroscopic phase separation by NaSCN allows the segregation of liquid crystal phase and attractive 
glass phase in a smaller scale than those formed in NaCl solution, which causes a more spatially 
uniform distribution of LC phase. This scheme of phase separation is agreed by the observed clusters 
in NaSCN solutions with a definite size over a range of salinity (as seen in PSDs), and by the more 
negative values of ζ potentials NCC in NaSCN solutions.  
 
7.4.3 Microstructure of NCC Liquid Crystal Hydroglass 
The overall behaviour of LCHs is also a function of the microstructural signatures e.g. morphology 
of colloidal rods within each phase. Diffusive wave spectroscopy (DWS) has been used to examine 
the microstructure of biphasic LCHs by tracking the motion of colloids within the matrix. DWS has 
previously been used to reveal slow dynamics of various colloidal suspensions[61, 62] including 
NCC[63], with a key advantage that its application is not limited to dilute system as in DLS, and thus 
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DWS enables probing concentration dependent structural formations such as liquid crystal and 
attractive glass phases.  
Mean square displacement (MSD, <r(τ)2>) is a measurement of the distance travelled by the tracked 
particles within the time τ. The spectrum of MSD are expected to include three regions[26], as 
reviewed in section 2.2.4. First, an initial pure diffusive region (<r(τ)2> ∝ τ1) over a short time scale 
where particle moves freely; this region is not measurable here due to instrument limitation. Secondly, 
a sub-diffusive region in which particle movement is mediated by inter-particle forces, resistance 
from which makes <r(τ)2> ∝ τ<n with n<1. Instead of a sub-diffusive region, attractive colloidal 
glasses exhibits a plateau (<r(τ)2> ∝ τ0) in which the particle movements are locked by strong 
interparticle attraction and suppression of thermal motion; this is known as an ‘attractive cage’. 
Thirdly, another diffusive region exists (<r(τ)2> ∝ τ1) at high τ which indicates the structural 
relaxation of macroscopic material.  
MSD curves for NCC suspensions in various states - including liquid crystal, isotropic liquid, liquid 
crystal hydroglass and isotropic gel - are illustrated in figure 7.5. The 5 wt% NCC suspension with 
zero added salt is biphasic (figure 7.5b); the DWS detects the liquid crystal phase (the lower, hypo-
phase) in figure 7.5b (A). For zero-salt 5 wt% NCC, the <r(τ)2> slowly increases with time, with 
gradient n~0.2. This is in an accordance with reported gradient values of n ~ 0.2 - 0.3 for lyotropic 
liquid crystals[64, 65]. At long time scales, however, <r(τ)2> rises with a gradient indicative of super-
diffusive growth (n~1.2). Super-diffusive regions (n~1-2) are typically interpreted as yielding 
behaviour[65], and it has been suggested that yielding occurs due to the plastic nature of LC 
phases[66]. The addition of 5 mM NaCl results in almost isotropic behaviour with the inflection point 
in <r(τ)2> barely visible, and a gradient of n ~1. However, for NaSCN at the same 5 mM concentration, 
there is no significant deviation of the MSD curve from the zero-salt sample, indicating that reduction 
of the liquid crystal phase does not occur in NaSCN, and attributed to NaSCN supressing the 
destabilisation of the NCC suspension. The further addition of salt shifts the MSD curves to lower 
values, indicating a transition from liquid-like to solid-like behaviour. The curve of NCC suspension 
with 10 mM of NaCl shows a plateau region (n ~ 0) at a short time scale, which is the result of particle 
aggregation due to strong inter-particle attraction, and is in an agreement with ζ potential 
measurements presented in figure 7.4. Phase separation may occur at this composition where the 
attractive colloidal glass phase may form a matrix.  
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Figure 7.5 Appearance and dimensionless mean square displacement for NCC suspensions. 
(a): MSD curves for 5 wt% NCC aqueous suspension with annotated concentration of NaCl or NaSCN. Dimensionless 
mean squared displacement is represented by <r2>/L2 where L is the hydrodynamic size of NCC rods (~200 nm). 
(b): Cross-polarised pictures taken for NCC suspension. Samples A-G correspond to curves in (a) with respective 
compositions. 
An increase in salinity gels the NCC suspensions when using either NaCl or NaSCN. For NaSCN 
concentrations up to 25 mM, gradients of n~0.2 and n~1.2 for the MSD curve at short and long time 
scales, respectively, provide an indication of liquid crystal behaviour. The MSD curves for NCC 
suspensions with NaSCN concentration of 50 mM and 100 mM are typical of attractive colloidal 
glass phase, with a plateau region followed by a diffusive region. The <r(τ)2> value of this plateau is 
dependent on the distance between a suspended particle and its nearest neighbour[26, 67]. This 
localisation length is approximately <r(τ)2>∝0.01δ2 for hard spheres, where δ is particle diameter. 
The observed value of this plateau for the attractive glass phase in NCC suspension is lower than 
0.01L2, where L is the hydrodynamic size of NCC obtained from DLS measurements. The smaller 
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distance is because the rod-like shape of NCC particle causes caging to be more likely to occur at the 
distance scale of its radius rather than its length (the latter being comparable to the hydrodynamic 
size). The autocorrelation function used to obtain <r(τ)2> curves assumes a homogeneous system, 
such that only the signals from the phase showing a predominant effect on scattering over a certain 
length/time scale are collected and processed, which generates <r(τ)2> curve for behaviours of the 
predominant phase. This explains why the NCC suspensions of 50 mM salinity show a liquid crystal 
region in cross-polarised pictures but demonstrate predominant attractive glass behaviour on the MSD 
curve, and why the 25mM NaSCN makes the NCC suspensions macroscopically solid-like but shows 
predominantly liquid-like behaviour in MSD curve. 
Figure 7.6 shows the Lorentz-corrected small-angle X-ray scattering curves of NCC dispersions at a 
range of compositions. The inverse of the q values of peaks of the scattering curves indicate the 
‘preferred’ separation distance between rods, and can characterise rod packing within NCC 
suspensions [68]. From figure 7.5a, the transition from liquid crystal suspension (zero added salt) to 
attractive glass phase (100 mM NaCl) shifts the peak to a higher q value (i.e. shorter distance between 
particles). This indicates closer packing of rods occurs in the attractive glass phase due to interparticle 
attraction. In the suspensions with 25 and 50 mM NaCl (i.e. within LCH region), two peaks are 
present on the scattering curves, with q values characteristic of liquid crystal and attractive glass 
phases. This bimodal curve indicates formation of a biphasic structure in LCHs. 
 
Figure 7.6 Small angle x-ray scattering curve for NCC suspensions. 
(a): 5 wt% NCC suspensions with NaCl; (b): 7 wt% NCC suspensions with NaCl and NaSCN. Insets: cross-polarised 
photographs are for 10 mM NaCl and NaSCN respectively. Scattering curves are plotted in Lorentz-corrected form 
( I(q)×q2 v.s. q). Data points were presented in (a) for 0 and 25 mM curves showing goodness of fitting. For other 
curves, data points were not shown for sake of clarity and conciseness. 
Figure 7.6a shows the gradual change in relative proportions of liquid crystal and attractive glass 
phases that the LC peak decays while the attractive glass peak appears during the transition from 
Rheological and Structural Characteristics of NCC Liquid Crystal Hydroglass 
 
136 
 
liquid crystal suspension to LCHs then to isotropic gels. This continuum of phase transition is in 
agreement with cross-polarised photographs (figure 7.2) and mean square displacement curves (figure 
7.5), in which that the liquid crystal proportion gradually decreases as the ionic strength increases, 
eventually resulting in isotropic behaviour. Minimal differences are seen in scattering curves between 
NCC suspensions with 100 mM NaCl versus 100 mM NaSCN (figure 7.6b). This suggests that rod 
packing in high-salinity isotropic gels are independent of salt type, which may arise because at high 
salinity both NaCl and NaSCN can destabilise the NCC suspension and trigger phase separation. At 
10 mM salinity, 7 wt% NCC suspensions are in a liquid crystal state for both NaCl and NaSCN (figure 
7.6b photographic inset). However, the peak for 10 mM NaCl is located at a higher q (shorter inter-
particle distance), indicating closer rod packing in a nematic phase (inserted schematics in figure 
7.6b). The difference in separation distance of rods in the nematic phase caused by choice of salt type 
(NaCl vs. NaSCN) in NCC suspensions can arise from ion specificities, such that NaSCN results in 
a more negative surface potential at this salinity (figure 7.4). This leads to a stronger particle repulsion 
and consequently separates particles.  
 
7.4.4 Rheology 
Rheological measurements reveal the phase transition continuum that leads to the formation of LCHs 
and characterises the response of resultant LCHs to mechanical perturbation. Figure 7.7 shows the 
storage (G’) and loss (G’’) moduli for 5 wt% NCC suspensions with 0-50 mM NaSCN (figure 7.7a) 
and NaCl (figure 7.7b) respectively. Macroscopically solid-like behaviour (G’>G’’ and G’∝ω0) 
appears at 10 mM NaCl. However, NCC suspensions with 10 mM NaSCN show liquid-like 
rheological responses (G’’>G’ and G’∝ ωn, with n൐0). This indicates that the segregation of an 
attractive glass phase from the liquid crystal phase starts at a lower salinity in NaCl solutions 
compared to NaSCN solutions. This is attributed to NaCl more profoundly reducing the ζ potential 
of NCC, thus destabilising NCC suspensions. Further addition of either salt shifts the system to solid-
like rheological response. However, NaCl is observed to have a more profound effect on rheology 
than NaSCN. For example, a concentration of 25 mM of NaCl leads to a G’ an order higher in 
magnitude that that resulting from a concentration of 25 mM NaSCN, despite both salts resulting in 
a LCH state. At 50 mM salinity, NCC suspensions have similar rheological responses with both salt 
types, which indicates that phase separation occurs in a comparable extent for suspensions with either 
salt, and the distribution of phases has less effect on the rheological behaviour.  
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Figure 7.7 Storage (G’) and loss (G’’) moduli for 5 wt% NCC suspensions with (a) NaSCN and (b) 
NaCl. 
Lines are empirical fittings by modified Maxwell Equation, and are used as guide of eyes.  
It is challenging to use rheological measurements to analyse the phase transition continuum in soft 
matter systems, as discussed in Chapters 2 to 5. For example, a plot of G’ and G’’ against salinity can 
illustrate the build-up of structural strength (like that shown in figure 7.8c), but it is inherently limited 
to reveal the phase transition, as both G’ and G’’ are functions of frequency. Following discussion 
presented in Chapter 5 about liquid-solid transition in NCC suspension, the values of G’ and G’’ at a 
fixed frequency are unable to reveal the formation continuum of LCHs. Here, instead of using G’ and 
G’’ or tan(δ)=G”/G’ values at specific frequencies, data from oscillatory measured are presented 
using tan(δ) values across a range of different frequencies to evaluate the phase transition continuum. 
This approach does not present specific values of G’ or G’’ but information about the shape and 
relative position of spectra of G’ and G’’ as a function of frequency and solution environment. As per 
Chapter 3, since tan(δ) is the ratio of G’’ and G’ which shows the relative contribution of elastic and 
viscous components of the material to the overall mechanical response. Therefore, using tan(δ) at 
various frequencies can reveal the relative elastic/viscous behaviour of the material over a range of 
investigated scales, providing an overview of the phase evolution process. Following Chapter 5, tan(δ) 
is nearly independent of frequency across a range of frequencies for states near liquid-solid transition, 
indicating a close-to-self-similar relaxation where elastic and viscous contributions to relaxation are 
the same over an observable length scale. Besides the liquid-solid transition points[71], self-similar 
relaxation also occurs in homogeneous liquid crystal phase at certain concentrations[72-74] as 
indicated by a parallel spectra of G’ and G’’ across measurable frequencies.  
The tan(δ) values for 7wt% NCC as a function of solution salinity are plotted in figure 7.8 for NaSCN 
(figure 7.8a) and NaCl (figure 7.8b). Four general trends are observed in these figures:  
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(1) 7 wt% NCC is originally in a liquid crystal state, signalled by tan(δ) values almost identical 
across frequencies;  
(2) the initial addition of salt (~1 mM) destabilises the liquid crystal phase, causing the divergence 
of tan(δ) as a function of frequency;  
(3) further increase in salinity (~10 mM) leads to a convergence of tan(δ), which indicates the re-
growth of the liquid crystal phase;  
(4) tan(δ) values of ~1 indicate the formation LCHs, and the onset of solid-like behaviour. tan(δ) 
does not converge in the region of LCH, which arises from the formation of a biphasic 
structure, in which relaxation schemes differ within each phase.  
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Figure 7.8 Viscoelastic and Mechanical properties of NCC LCHs. 
(a)- (b): tan(δ) values as a function of frequency and salinity for 7 wt% NCC suspension with (a) NaSCN and 
(b) NaCl. 
(c): Variation in storage (G’) modulus of 7 wt% NCC against salinity. 
(d): Stress-strain curve from static yielding tests for 7 wt% NCC with 25 mM NaCl or NaSCN. Shaded region 
indicates the non-linear viscoelastic behaviour. 
Figure 7.8b shows that liquid crystal phase is more easily destabilised by NaCl resulting in a larger 
divergence in tan(δ) as a function of frequency. In contrast, NaSCN causes less destabilisation of the 
liquid crystal phase (figure 7.8a), signalled by much smaller divergence of tan(δ) within the biphasic 
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region. The destabilisation of the liquid crystal phase caused by NaCl reduces formation of a re-
entrant liquid crystal phase. Consequently, the NaCl system has a higher salinity boundary of re-
entrant liquid crystal phase and a narrower compositional range of this phase. Note that the 
compositional range for LCH is only trivially affected by type of salt from the plot of tan(δ), though 
the specific mechanical responses, e.g. G’ and G’’, differ between each type of salt within this region 
(figure 7.8c). This is because the chaotropic NaSCN can allow the suspensions to undergo phase 
separation in route to being closer to equilibrium, which leads to a more homogeneous phase 
distribution compared with NaCl. The resultant meso-structural difference influences the 
macroscopic mechanical response, but cannot alter the critical salinity under which the attractive glass 
phase starts to segregate from liquid crystal phase forming LCHs.  
Figure 7.8c illustrates the build-up of mechanical strength (represented by G’) of NCC suspensions 
as a function of increasing concentration of NaSCN and NaCl. The addition of NaSCN instead of 
NaCl effectively avoids an initial drop in G’ due to the destabilisation of NCC suspension[48]. In the 
LCH region, NCC suspensions containing NaSCN show a substantially lower G’ than those 
containing NaCl. This is because different meso-structures form with each salt type. NaSCN produces 
a comparative more uniform and smaller mesh size in a network of attractive glass matrix (figure 7.2). 
This results in comparatively weaker network connections compared to the NaCl system. Under linear 
deformation, the stronger and more rigid ‘network’ connections in LCHs with NaCl leads to a higher 
mechanical strength, represented by G’. Figure 7.8d shows the static yielding behaviour of NCC 
LCHs, which further characterises the effect of salt type on the mechanical properties of the LCHs. 
LCH prepared with NaCl has a higher modulus (slope before yielding point) than those prepared with 
NaSCN, although these yield at a larger strain. The use of NaSCN instead of NaCl can extend the 
linear viscoelastic region (shaded region in figure 7.8d), especially for the lower-stress and larger-
strain region.   
 
7.4.5 Ion Specificities on Phase Separation and Properties of LCHs  
Figure 7.9 shows an overall scheme of how the chaotropic/kosmotropic salts influence the phase 
separation continuum, by altering the colloidal stability and the distribution of LC and attractive glass 
phases, and hence the mesostructure of resultant LCHs. 
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Figure 7.9 Schematics about phase separation scheme and formation of LCHs 
Systems are with NaSCN (chaotropic) or NaCl (kosmotropic) salt. Red rods represent NCC in liquid crystal phase, 
while green rods represent NCC in attractive glass phase. 
Materials with strong and rigid network connections tend to have higher strength, whilst a more 
uniform distribution load-bearing structure leads to a larger number of ‘network’ connection and 
consequently a better ductility and toughness[75, 76]. It is believed that this principle applies here for 
LCHs. Salts containing kosmotropic ions such as NaCl steeply reduce the colloidal stability of NCC 
when solution ionic strength crosses a certain threshold (as shown by surface potential vs. salinity in 
figure 7.4). This causes phase separation to occur in a strongly non-equilibrium manner and the 
formation of an attractive glass phase in a larger fibril-like morphology. The strength and rigidity of 
this attractive glass phase leads to a higher elastic modulus of resultant LCHs. On the other hand, 
salts comprised of chaotropic ions such as NaSCN provide a more gradual destabilisation process at 
an elevated ionic strength (figure 7.4), which allows phase separation to occur at a microscopic scale 
(as seen by the formation of clusters of finite size in figure 7.3). This type of phase separation scheme 
results in a network composed of attractive glass matrix with a more homogenous mesh size and 
larger number of network connections. These can distribute load more uniformly throughout the 
material, extending the yielding point to a larger strain (figure 7.8d). 
7.5 Conclusion 
This chapter has used various microscopic, scattering and rheological measurements to study the 
formation and properties of LCHs, and builds a correlation between the results from each method. 
Whilst the previous chapter revealed the LCH phase using NaCl, this chapter also shows that they 
can be prepared using NaSCN as the modulator of salinity. The variation in colloidal stability as a 
function of solution ionic strength plays an essential role in the phase separation continuum of NCC 
suspensions, and hence the formation of LCHs, which is revealed in detail by the evolution of particle 
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size distribution and colloidal surface potential against salt concentration. It shows that the addition 
of NaSCN instead of NaCl can retain the stability of NCC colloids in aqueous solution up to a salinity 
as high as ~30 mM whereas NaCl destabilises dispersed NCC at ~10 mM salinity. As the result of a 
more gradual dependency of surface potential on solution ionic strength, the addition of NaSCN 
provide a smaller ‘degree of sub-cooling’ (deviation from equilibrium). This enables NCC 
suspensions to undergo a phase transition process closer to an equilibrium route (as reviewed in 
Chapter 2), which allows the segregation of attractive glass phase to occur at a smaller scale, and 
postponing macroscopic phase separation to higher salinity. This close-to-equilibrium route of phase 
separation is potentially due to the balance between short-range attractive force and long-range 
repulsive force; as shown in figure 7.4, NCC dispersed in NaSCN solution remains repulsive up to a 
much higher salinity where Debye length is sufficiently reduced compared to NaCl.  
The distinct effects of NaCl and NaSCN on the colloidal stability of NCC is attributed to the 
chaotropic/ kosmotropic nature of Cl- and SCN- ions according to Hofmeister phenomena. LCHs 
prepared with NaCl or NaSCN show characteristically different mesostructures, whereby NaSCN 
produces a comparatively more uniform distribution of LC and attractive colloidal glass phases. The 
microstructural signatures revealed by DWS and SAXS show that there are minimal differences for 
rod packing between NaCl and NaSCN salts within phases present. This indicates that the type of salt 
determines the distribution of LC and attractive glass phases, and hence the mesostructures of LCHs 
and corresponding rheological behaviours, but that salt type cannot alter the microstructures of each 
distinct phase nor the critical salt concentration that triggers particle aggregation.  
The plot of tan(δ) of NCC suspensions as a function of salinity and frequency reveal the continuum 
of phase transition and the formation of LCHs, and shows a good agreement with the microscopic 
and scattering measurements. From the tan(δ) curves, small additions of NaCl (~1mM) destabilises 
the original liquid crystal phase (in contrast to NaSCN), and consequently narrows the compositional 
range of the re-entrant liquid crystal region. The existence of the re-entrant liquid crystal phase at 
elevated ionic strength is an essential prerequisite to the formation of LCHs. Consequently, it may be 
possible to use various salt types according to the Hofmeister series to tailor colloidal stability to 
control the compositional window of the re-entrant liquid crystal phase. This may enable the 
formation of LCHs with a wider array of materials and compositions. It is anticipated that this 
approach may be of interest in fabrication of anisotropic soft materials with distinct micro- and meso- 
structures.  
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Chapter 8 
Concluding Remarks and Future Works 
The rheology and structuring of NCC aqueous suspension have been studied in terms of its colloidal 
properties, liquid crystallinity and phase behaviour. The following achievements have been made: 
1. The application of various types of rheological measurements, including linear and non-linear 
rheometry and examination of time-dependency, across a compositional range that 
significantly expands upon existing literature to reveal complex phase transitions; 
2. Linking, rationalising and interpreting rheological observations with both experimentally 
determined and theoretically predicted colloidal dynamics, stabilities, and liquid crystallinity. 
3. Establishment of a detailed phase map with precise boundaries between the several 
liquid/solid, isotropic/anisotropic phases.  
4. The discovery of a novel anisotropic soft solid state i.e. liquid crystal hydroglass;  
5. Proposing generalised parameters to define liquid/solid and isotropic/anisotropic transitions 
based on rods dimensions, aspect ratio and concentration, which unified reported behaviours 
of sulphonated NCC from different sources into a single generalised phase diagram.  
This chapter summarises the key findings from this work, followed by its implications and my vision 
for future work.  
 
8.1 Concluding Remarks 
The literature review evidenced that, despite the vast expansion of NCC-related studies, most articles 
focus on solid-state anisotropic films and relatively few articles investigate rheology and colloidal 
phase behaviour of NCC aqueous suspension. The current literature is yet to contain a comprehensive 
study on phase behaviour of NCC suspensions that provides a complete phase diagram of NCC 
suspensions containing all available physical states as well as their rheological and microstructural 
features. This is despite the usefulness of such characterisation to the development and application of 
NCC-based materials.  
In order to fill this significant knowledge gap, this thesis has sought to address specific limitations in 
the current literature on the rheology and colloidal behaviour of NCC suspensions, including: 
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1. Inconsistency between colloidal/rheological behaviours of NCC suspensions studied in each 
individual work; 
2. inadequate characterisation of the liquid-solid transitions for NCC suspensions across a wide 
range of concentrations and ionic strength; and  
3. Insufficient knowledge on the effect of structural anisotropy on liquid-solid transitions.  
This thesis has overcome these gaps in knowledge by conducting extensive rheological measurements 
and microstructure/colloidal stability characterisation over a wide compositional range for an NCC 
system. The following sections highlight and discuss the three major sets of findings.  
8.1.1 Generalised Parameters for Phase Behaviours and Transitions 
To provide a generalised classification for NCC suspensions, I scale the glass transition volume 
fractions of NCC with the inverse of rod aspect ratio (pa=L/D) using data from a wide array of 
literature involving 8 different NCC sources (all of which are sulphonated). I find that the glass 
transition of NCC takes place at a critical dimensionless concentration (𝑐 ൌ 0.25𝜋𝐿ଶ𝐷𝑛, according 
to Onsager’s theory on excluded volume of rigid rods), which is equivalent to the product of volume 
fraction (ϕ) and NCC aspect ratio (pa). Applying this method, figure 2.19 shows that the large 
variations in the liquid-solid transitions for suspensions from different NCC sources collapse onto a 
single relationship; i.e. glass transition volume fractions are shown to be inversely proportional to 
NCC aspect ratio following the equation ϕ=0.7/pa. This indicates that the critical dimensionless 
concentration for glass transition is ~0.7, and that the glass transition of NCC suspensions studied in 
several works follows the theoretical prediction on rod-like particles[5].  
In addition to considering liquid-solid transitions, I also find that the isotropic-anisotropic transitions 
of NCC suspensions can be appropriately scaled according to their excluded volume calculated from 
Onsager theory. When plotted as a function of Onsager’s excluded volume of rod-like particle (L2D), 
the isotropic-anisotropic transition fractions of NCC suspensions across the literature converge into 
two phase boundaries: isotropic-anisotropic phase separation and single-phase liquid crystalline 
(figure 2.21). This biphasic region is much broader than predicted by original Onsager’s theory or its 
subsequent modifications due to the polydispersity of NCC (NCC as a naturally-derived colloid is 
commonly polydispersed).  
Through extensive experimental characterisation of rheology, colloidal behaviour and 
microstructures of NCC suspensions in this thesis, the generalised phase behaviour of NCC 
suspensions has been extended to a 2-D space i.e. incorporating both volume fraction and inter-
particle forces. Figure 8.1 gives a generalised phase diagram of NCC aqueous suspensions as a 
function of dimensionless concentration (𝑐 ൌ 0.25𝜋𝐿ଶ𝐷𝑛) and salinity. By presenting experimentally 
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determined phase transition points in the form of dimensionless concentration, separately reported 
data converges into a few distinct phase boundaries, which are consistent with the phase diagram 
presented in figures 5.4 and 6.3. Literature values for the attractive/repulsive boundary is taken as the 
gelation point (liquid-solid transition) [6, 7] at NCC fractions below glass transition, and as the 
transition point between repulsion-driven and attraction-driven structures for glassy states (according 
to scattering techniques [8] or discontinuity in rheological parameters [9]; rheological data is further 
treated following methods depicted in figure 5.8). The lower and upper limiting volume fraction for 
the biphasic liquid crystalline suspension are given by isotropic-anisotropic phase separation (where 
the liquid crystal phase separates from isotropic suspension) and single-phase liquid crystalline 
suspension (where the volume fraction of liquid crystal phase is one), respectively.  
The convergence shown in figure 8.1 of my results and various experimental works on NCC 
suspensions indicates that the colloidal phase behaviour and associated rheological properties 
originate from the excluded volume effect of rod-like particles and inter-particle forces, in agreement 
with the classic principles of colloidal science and rheology (Chapter 2). Figure 8.1 also depicts the 
finding of two new phases identified by this work, namely re-entrant liquid crystalline suspension 
and liquid crystal hydroglass (anisotropic biphasic hydrogel).  
This generalised phase diagram significantly advances the current knowledge of colloidal phase 
behaviour of NCC suspensions by providing a means in which to understand the properties for 
different NCCs in terms of a dimensionless concentrations. This unity of literatures ultimately 
addresses current difficulties in relating findings observed in one type of NCC (i.e. derived from a 
specific sources or preparation method) with another. For example, a tripartite rheological flow curve 
that is characteristic of liquid crystalline fluids is observed in some studies[1, 2], but missed in 
others[3]. This inconsistency in the rheological behaviours of different NCC suspensions at a similar 
composition has been considered a notable challenge in a very recent review article[4].  
The generalised parameters are also crucially important to establish the compositional range to be 
studied in this work according to the specification of our available NCC material. The compositional 
range of investigation is shown in figure 2.23 which significantly expands upon the literature by 
filling in gaps between existing work and including nearly all available phases ever reported.  
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Figure 8.1 Generalised phase diagram of NCC aqueous suspension. 
It summarises phase diagrams reported in figure 5.4 (Chapter 5) and figure 6.3 (Chapter 6) and phase transition point reported in literatures [6-8, 10-13]. NCC solid content is 
presented in dimensionless concentration (𝑐 ൌ 0.25𝜋𝐿ଶ𝐷𝑛, 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑜 𝜙 ൈ 𝑝𝑎). Dashed lines represent phase boundaries as shown in figure 5.4 and 6.3. Shaded area corresponds 
to figure 6.3.  
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8.1.2 Detailed and Comprehensive Phase Diagram 
This thesis characterised rheology, colloidal properties and microstructures for a large number of 
compositions in a grid with incremental changes in NCC volume fraction and ionic strength, leading 
to the liquid-solid phase diagram developed in figure 5.4 in which the overall compositional range is 
subdivided into five phases: viscous liquid, viscoelastic liquid, repulsive glass, attractive glass and 
gel. These are determined according to rheological measurements and assisted by scattering, 
microscopic and computational techniques.  
In the viscous liquid region, NCC colloids follow diffusional dynamics in which the suspension 
exhibits isotropic liquid-like behaviour without a measurable G’. The viscoelastic liquid region is 
characterised by G’’>G’ across a range of measurable frequencies. The transient viscoelastic regime 
results from the colloidal rod nature of NCC, allowing formation of a liquid crystalline phase, which 
may be single-phase or coexist with viscous liquid. The boundary of the viscoelastic liquid region 
generally coincides with the limiting compositions under which liquid crystalline suspension can be 
obtained. At low ionic strength, increase in NCC fraction beyond the critical glass transition results 
in a glassy state, in which inter-particle force remains repulsive (consequently termed a repulsive 
glass). In this repulsive glass state, jamming between particles results in arrested dynamics which 
lead to a viscoelastic solid response. Besides the glass transition, a liquid-solid transition also occurs 
at a critical ionic strength. NCC samples become solid-like due to destabilisation, phase separation 
and gelation at ionic strengths above a critical value. Colloidal gels with a network structure forms at 
high salinities, which results from the growth of percolated structures. Attractive force predominates 
in this state due to screening of the surface charge by dissolved ions. The particle dynamics are thus 
arrested by the strong interparticle van der Waals attraction. A glass transition also takes place at high 
salinities, forming a close-packing attractive glass phase with attractive interparticle forces. Figure 
5.8 shows a solid-solid transition from repulsive to attractive glass states characterised by a yield 
stress. A discontinuity in yield stress as a function of solution ionic strength is observed at the 
threshold of transition, with yield stress reaching a minimum at ~ 10 mM NaCl.  
The phase map presented in figure 5.4 and 8.1 showing the phase transitions connects existing studies 
of NCC suspensions that focused either on the liquid (dilute or semi-dilute) states, such as diffusional 
dynamics, intrinsic viscosities and colloidal aggregation [14-16], or solid states (jammed or 
flocculated), such as hydrogel formation [7, 17]. Furthermore, figure 5.4 considerably extends the 
compositional range from the existing literature (as shown in figure 2.23). Therefore, by 
comprehensively characterising phase behaviours and transitions, this thesis enables valuable insights 
about structure and properties of NCC suspensions to be derived, as has been done in many polymeric 
and colloidal systems.  
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8.1.3 Novel Anisotropic Solid State: Liquid Crystal Hydroglass  
This thesis bridges liquid/solid and isotropic/anisotropic transitions by collectively characterise and 
interpret the rheology and the anisotropy of NCC suspensions. It proposed the first phase diagram 
(figure 6.3) of the NCC suspension that incorporates both liquid/solid transitions and liquid crystalline 
features.  
This work has demonstrated the presence of an anisotropic solid phase of NCC suspensions, termed 
a liquid crystal hydroglass (LCH). Increasing salinity of NCC suspensions leads to a re-entrant liquid 
crystal (LC) phase (figure 6.2), which is shown to originate due to a non-monotonic change of NCC 
effective volume fraction as a function of ionic strength, by applying Onsager’s theory and including 
both twisting and the Debye screening effect (figure 6.10). Within the re-entrant LC phase, further 
increase in ionic strength causes the NCC suspension to undergo spinodal decomposition into a 
colloid-rich attractive glass matrix phase and a coexisting liquid crystal phase. This biphasic structure 
is demonstrated by light scattering, microscopy and rheological techniques. The LCH demonstrates 
a persistent but reversible flow programmable anisotropy due to the faster recovery of the attractive 
colloidal glass than the orientational recovery of particles in the LC phase after flow ceases, which 
allows LCH to have a capacity for creation of complex structural ordering through simple shear flows. 
This ability may assist in the mimicry of natural materials with structural ordering over a range of 
length scales.  
The formation of LCH requires a re-entrant LC phase to be present at a relatively high salinity where, 
in most cases, the LC suspension transitions to isotropic behaviour. This thesis additionally 
investigated the necessary conditions for the presence of a re-entrant LC phase. It demonstrates that 
the existence and compositional window of this re-entrant LC phase is a function of the dependence 
of ζ potential on solution ionic strength (as depicted in section 6.4.3). It is further demonstrated that 
the dependence of ζ potential on ionic strength is a function of ion specificities. The specific ion 
effects on colloidal stability arise from the Hofmeister phenomena: chaotropic salts promote colloidal 
stability by maintaining the double layer, while kosmotropic salts destabilise colloidal suspensions 
by disrupting the double layer. ζ potential measurement (figure 7.4) shows that the addition of 
chaotropic NaSCN instead of kosmotropic NaCl can maintain the stability of NCC colloids in 
aqueous solutions up to salinities as high as ~30 mM whereas NaCl destabilises dispersed NCC at 
~10 mM salinity. This more gradual change in ζ potential enables NCC dispersed in NaSCN solution 
to remain repulsive up to a much higher salinity where Debye length is sufficiently reduced, 
eventually leading to a balance between long-range repulsion and short-range attraction. Phase 
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separation thus takes place gradually at a micro-scale instead of rapid macroscopic gelation, 
producing clusters of finite size for NaSCN concentrations between 10 and 50 mM (figure 7.3).  
LCHs with significantly differing rheological behaviours have been fabricated in this thesis by using 
different types of salts according to their different ability to affect colloidal stability of NCC 
suspensions. A close-to-equilibrium route of phase separation and gelation is achieved with 
chaotropic salts such as NaSCN. The rheological response of LCHs formed from this close-to-
equilibrium route differs substantially from those produced with kosmotropic NaCl. In general, at the 
same salinity, NaCl results in LCHs with higher yield stress and higher storage modulus within the 
linear viscoelastic region, due to a stronger inter-particle attraction. LCHs with NaSCN yield at a 
larger strain when a constant shear rate is applied, a behaviour due to their more uniform structure 
containing a greater density of network connections due to the micro-phase separation process they 
undergo (section 7.4 and 7.5). There is the possibility of using various salt types according to the 
Hofmeister series to tailor colloidal stability and the gelation process, and to control the compositional 
window of the re-entrant liquid crystal phase. 
This thesis advances from existing studies on liquid crystallinity of NCC aqueous suspensions [10, 
13] by additionally considering liquid-solid transition characterised by rheometry. The findings are 
in agreement with the theoretically close relationship between liquid-solid and isotropic-anisotropic 
transitions i.e. they are both achieved by manipulating NCC concentration and inter-particle forces 
(Chapter 2). Therefore, outcomes from this work also provides a useful reference on how interference 
of suspension anisotropy could bring additional features into the gelation process and the overall 
phase behaviour of NCC suspension as a dispersion of charged colloidal rod. 
8.2 Implications 
This work has two-fold implications in relevant areas of science and applications:  
1. It directly assists the formulation of NCC-based materials by providing a detailed and 
comprehensive phase map that unified NCC suspensions prepared from different sources.  
2. It developed a rheology-based methodological framework that serves in the characterisation 
and the understanding of colloidal suspensions with complex phase transitions and rheologies. 
For nanocrystalline cellulose suspensions specifically, the rheology, colloidal stability, gelation and 
isotropic-anisotropic transitions haven been reported by a number of literature studies due to the 
potential of NCC in flow-related applications such as 3-D printing, injectable hydrogels, and drilling 
fluids [18-20], and liquid crystal templating[21] applications. A precise prediction of rheological and 
liquid crystalline behaviours of an NCC suspension at certain conditions is crucially important in 
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these applications in order to deliver appropriate functionality, which was difficult to achieve due to 
the complexity of the phase transitions of NCC suspensions. Phase diagrams (figures 5.4, 6.3 and 8.1) 
presented in this thesis can be thus used as direct inputs for future formulation needs in fabricating 
novel NCC-based materials with desired rheology and anisotropy.  
A major obstacle in recent advances in research on NCC suspensions is the frequent disagreements 
between studies using NCC from different sources and fabrication methods. The dimension and 
morphology of NCCs used in previously studies varied widely e.g. aspect ratio from c.a. 10 to c.a. 
100, which results in substantially differing phase behaviour/transitions and rheological response 
despite similar compositions. I overcame this issue by presenting a phase diagram that unifies 
rheology and structural features studied in separate literature studies. It is a useful and fundamental 
contribution to the study of NCC suspensions, such that characteristics reported in widely varied NCC 
systems can be utilised in and reflected by future studies, as has been done for many other materials. 
This advance in the study of NCC of different types as a general material is especially important 
considering that NCC has become an increasingly attractive material of wide scientific, engineering 
and commercial interest as indicated by the rapidly-expanding NCC-related literature, and 
applications in recent years. 
The flow-programmable ordering of NCC particles in LC phase of LCH discovered here opens up 
opportunities for an introduction of arbitrary structural ordering into a soft material matrix. 
Anisotropic structures made from rod-morphologies is adapted by many bio-systems such as 
cornea[22] and cartilage[23], however the specific ordering within those materials are often complex 
such as spatially heterogeneous, and are thus difficult to replicate. Chapter 6 demonstrated that 
complex structural ordering, including heterogeneous ordering, can be easily programmed into LCHs 
by imposing different flow fields. Examples are shown in figure 8.2 which features a cockatoo and a 
koala drawn in LCHs (5wt% NCC and 35 mM NaCl, observed via crossed polarisers). This method 
of creating the useful anisotropy in a soft material is thus considered promising in many applications 
such as biomimicry.  
 
Figure 8.2. Drawings of complex patterns in LCH.  
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This thesis also has implications in a broader area of suspensions of rod-like colloids, in particular 
for volume fractions above the glass transition. Rod-like colloids are frequently encountered in 
industrial processes, such as papermaking, food, pharmaceutical and drilling fluid, as a primary or 
additive material that helps in achieving targeted rheological response and mechanical integrity 
(structure forming) [5]. Therefore, natural or artificial colloidal rods such as carbon nanotube[24], 
metal oxide rods[25] and cellulosic fibres[26] has been recognised as a potential building block for 
advanced structural or functional materials where rheology play an important role in determining the 
overall behaviour and functionality. Suspensions of rod-like particles generally show complex 
rheology which is difficult to be predict and characterised, for example, due to particle dimension, 
aspect ratio, polydispersity and surface charge, which is contributed by their colloidal properties and 
stability at certain conditions leading to the formation of various physical states. I have provided a 
practical methodology in probing complex colloidal phase transitions beyond simple gelation via 
rheological characterisation assisted by scattering, microscopic and computational techniques, which 
has rarely been depicted thoroughly. This advance is necessary to understand and predict how, and to 
what extent, particle morphology and colloidal phase behaviour affect suspension rheology, i.e. the 
structure-rheology relationship, in particular for charged colloidal rods at volume fractions above 
glass transition. Therefore, outcomes from the thesis have implications for future studies on colloidal 
suspension rheology and phase behaviour of rod-like colloids in general.  
 
8.3 Future Works  
The results from this study can be extended to investigating and predicting rheology and structure of 
charged colloidal rod suspension in general, which is thus deemed beneficial to following areas of 
future works:  
1. Development of an understanding of more complex phase transition schemes such as the 
transition between repulsive glass and attractive glass, or between anisotropic gel and 
isotropic gel.  
2. Investigation into the effect of ion specificities on colloidal stability and liquid crystallinity, 
and consequent phase separation and gelation behaviour, for suspensions of charged colloidal 
rods. 
3. Characterisation of the LCH structures, particularly the anisotropic features such as 
directional differences in strength, diffusivity etc. depending on previous flow programming. 
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4. Exploring potential applications of NCC-based soft materials, for example templating or 
formation of structures with complex ordering patterns via flow programmable ordering of 
liquid crystal domains in NCC LCHs.  
Details and depth of proposed phase diagrams in this thesis could be improved by including solid-
solid transitions. In this thesis, despite yield stress measurements across samples of varying salinity 
revealing the transition from repulsion-driven to attraction-driven structures (as shown in figure 5.8), 
rheological measurements on a single sample are insufficient to distinguish an attractive glass from 
repulsive glass or gel, as all of these are viscoelastic solids exhibiting a yield stress. The boundaries 
between three solid phases, namely gel, repulsive glass and attractive glass, were drawn based on 
extrapolation of liquid-solid transitions, such as the gelation line and glass transition line, into solid 
regimes (as shown in figures 5.4 and 6.3), which is approximate. Inaccuracy of this phase boundary 
is especially notable for the glass transition line at high salinities where the system transitions from 
percolated gel structure to a close-packed glassy structure. Briefly, the glass transition for charged 
colloids with attractive interactions is governed by two mechanisms; 
1.   The attraction bonding between particles which leads to arrested glassy states formed at lower 
volume fraction, which is similar as that of polymer-depletion attraction [27];  
2. The reduced Debye length which reduces colloid’s effective volume fraction and pushes glass 
transition to a higher apparent volume fraction.  
These two mechanisms have opposing influences on the glass transition within the attractive regime, 
such that the final delineation of the gel-glass boundary at high salinities is hard to reveal by 
rheological measurement alone.  
Scattering measurements is an effective way to quantify the interparticle attraction and excluded 
volume effects, and has been used to distinguish gels from glasses in several colloidal systems 
including NCC [6, 8, 28]. The boundary between solid phases of colloidal rods could thus be 
determined by applying x-ray, neutron or light scattering, depending on particle size, for NCC 
suspensions near solid-solid transition. The precise delineation of the glass transition within the 
attractive regime also enables the development of a general scheme of transitions between solid 
phases (e.g. re-entrant behaviour as shown in figure 5.7) in electrostatically stabilised colloidal 
systems, as reported for systems with polymer depletion attractions. 
It would be useful to establish the effects on stability, aggregation, gelation, phase behaviour and 
rheology of NCC aqueous suspensions of a full spectrum of ions according to the Hofmeister series. 
This, I anticipate based on Chapter 7, would enable superior control over rheological properties and 
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structural formation of NCC suspensions and gels. Previous studies considered the effects of different 
ions on NCC suspension stability [16], rheology [7]and liquid crystallinity [29], but none identified 
the specific ion effect on the surface double layer of colloids, and thus the colloidal stability. Existing 
literature has demonstrated that it is not possible to achieve good control over structure and rheology 
in terms of both range (limiting values) and availability (existence, e.g. liquid crystalline suspension 
and anisotropic solids) of properties and behaviours of NCC suspensions by simply changing sodium 
to potassium or aluminium ions. Therefore, a systematic study of NCC suspensions responding to 
incremental changes of ions from Hofmeister series (from chaotropic perchlorate to kosmotropic 
acetate ions) would be beneficial to the overall understanding of NCC suspension stability, liquid 
crystallinity and rheology. Such a study would also help in finding a way to achieve a flexible control 
over gelation and liquid crystalline transition processes, which is deemed to enable the LCHs with 
desired rheology and anisotropy suitable for different applications.  
Future work should also seek to develop novel applications based on newly found NCC liquid 
crystalline hydroglass structures. This could be achieved by utilising the flow-programmable ordering 
of liquid crystalline domains to template assembly of other nanoparticles and thus enable various 
functionality [21, 30, 31]. NCC LCH is directly available as a kind of anisotropic hydrogel with 
tunable directional ordering, which is of great interest in various biomaterial or biomimicry 
applications if a desired physical (e.g. transparency and conductivity) and mechanical properties (e.g. 
elasticity, wear resistance and strength) can be obtained. Manipulations of physical and mechanical 
properties of NCC LCH could be achieved by compositing with secondary polymers or colloids or 
by introducing multiple types of cross-links via surface modifications etc. [32, 33], from which novel 
NCC–based anisotropic soft materials could be obtained with structures and properties tailored to 
specific applications.  
The application of LCH can be extended by exploring the anisotropic behaviours particularly for 
anisotropic mechanical properties and anisotropic diffusivity. The ability to be incorporated with 
complex structural ordering of LCH makes it a good candidate to achieve an anisotropic diffusion of 
molecular or small particles within the matrix of LCH. A further investigation of such anisotropic 
diffusivity of LCH would make it a more valuable candidates in a range of applications including 
mimicry of many biological process [34, 35]. Furthermore, the spatially heterogeneous ordering of 
LCHs can potentially respond (through actions such as deformation or breakage) to perturbations 
(such as shear and thermal) in a pre-determined way depending on previous flow history. A detailed 
characterisation of such anisotropic mechanical response can be useful to many biological and 
engineering applications [36, 37].  
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Additionally, the results from this work provide a basis for controlling the rheology of this particular 
NCC material in a variety of current and emerging applications, whilst also establishing a basis for 
comparison in future work that examines the effect on the structure-rheology phase diagram by 
altering the properties of the NCC. NCC properties of high interest include: (i) surface 
functionalisation and/or interactions with surfactants [38, 39]; (ii) examining NCC from a variety of 
feedstocks and processing methodologies to vary aspect ratio, crystallinity, hemicellulose content and 
surface charge, with an example being recently reported high aspect ratio cellulose nanofibers that 
are obtained from spinifex grasses [40, 41]. Current and emerging applications for NCC where its 
rheology-structure is relevant include its use in fast moving consumer goods such as food, personal 
care, pharmaceutical and coating products [42-44], as well as during processing towards the 
application of NCC as a unique filler in advanced materials and biomaterials [45], whilst an emerging 
application is in developing novel nanostructured materials using a freeze-casting process [46, 47].  
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Appendices 
Appendix A 
 
Figure i. (a) pH effects on viscosity of 5wt% NCC suspension with 0.1 M NaCl and zeta potential of 
NCC particle in 0.01M NaCl. (b) pH effect on zeta potential of NCC in 0.01M NaCl plotted as 
equivalent NaCl concentration. The dotted line is the zeta potential change due to increasing salinity 
at constant pH, and is for reference. 
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Figure ii. The AFM picture of mica plate with isolated NCC rods. Note that the length scale of these 
images is considerably greater than those in figure 4.5. 
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Appendix B 
 
Figure i. Effect of loading and pre-shear for 5 wt% NCC suspension. Samples are pre-sheared until the 
viscosity reach an equilibrium.  
 
 
Figure ii. G’ at 11.29 rad/s of NCC aqueous suspension at different salt concentration. The value 
below the lower limit of y-axis represented extremely small or unmeasurable G’ where the tan(δ) 
(G’’/G’’) was infinite. 0.0001 M NaCl concentration represented samples with zero added salt.  
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Figure iii. tan(δ) at different frequencies plotted versus (a) varying NaCl concentration for a fixed 5 
wt% NCC suspension, and (b) varying NCC wt% for a fixed 0.01 M NaCl concentration. 0.0001 M 
NaCl represents samples with zero added salt.  
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Figure iv. The yielding behaviour of 5wt% (presumably gel) and 9 wt% (presumably attractive glass) 
NCC suspension with 50 mM NaCl. 
 
 
 
Figure v. Creep (strain-time) curve of 9 wt% NCC at 0.5 Pa stress and onset of relaxation at 300 s.  
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Figure vi. DLVO interaction energy for NCC particles calculated from equation 1 at different salt 
concentrations. 
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Wall Slip Characterisation 
Although it is insignificant for gaps above 0.5 mm in section 3.5.4, the decreased viscosity at 
smaller gap indicates the slip. Therefore, Mooney method was used to verify this phenomenon 
more rigorously. The detailed procedure for this method is described in reference 13 Chapter 
3. It is applied whereby the shear rate is given by a contribution from the bulk fluid (𝛾ሶ௕௨௟௞) 
and slip layer of thickness (δs), as depicted in following equation: 
𝛾ሶ௠௘௔௦௨௥௘ௗ ൌ 𝛾ሶ௕௨௟௞  ቀ1 െ ଶఋೄ௛ ቁ ൅ 𝛾ሶ௟௔௬௘௥ሺ
ଶఋೄ
௛ ሻ      (1) 
It is rearranged as: 
𝛾ሶ௠௘௔௦௨௥௘ௗ ൌ 𝛾ሶ௕௨௟௞ ൅ ௩ೄ௛         (2) 
𝑣ௌ  is the slip velocity given by 𝑣ௌ ൌ 2𝛿ௌሺ𝛾ሶ௟௔௬௘௥ െ 𝛾ሶ௕௨௟௞ሻ. When plotting the measured shear 
rate data against 1/gap and fitting them linearly as shown in equation 2, the slop is the slip 
velocity and the intercept is the bulk shear rate. Figure iii here shows this fitting. The slip layer 
thickness can then be calculated by assuming the viscosity of the fluid in this layer is 
equivalent to that of solvent (water). The thickness of the slip layer is calculated as 1.03 and 
0.59 μm for stress equals to 0.05 and 10 Pa respectively indicating that the slip is not 
significant here considering the gap for actual experiment is in order of 1 mm. It is therefore 
finally concluded that the wall slip is not significant for this material, at least for the applied 
gaps.   
 
Figure vii. Shear rate as a function of 1/gap for 7wt% NCC in parallel plate. Parameters are values 
of shear stress. Dashed lines are linear fit.  
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Appendix C 
 
Figure i. Cross-polarized micrographs of 5 wt% NCC suspension. (a) Cross-polarized micrographs 
of 5 wt% NCC suspension at varying NaCl concentrations noted in values of mM for each 
formulation. Scale bars represent 100 µm. Bright regions correspond to ordered phase while dark 
correspond to isotropic. The liquid crystal hydroglass (25-50 mM) contains a dense dark phase 
interpreted as a structural network of isotropic attractive glass phase with a co-existing bright ordered 
phase. The proportion of bright region decreases with ionic strength from 25 to 100 mM indicating 
an evolution of mesostructure, i.e. increased relative contribution of attractive glass phase at higher 
salinities.  (b) Cross-polarized micrographs with various angle of polarizers’ axis for 5wt% NCC with 
35 mM NaCl. Picture taken from conventional configuration of polarizers (left) and from polarizers 
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rotated by 45o (middle) are multiplied in Adobe Photoshop. In the resultant picture (right), the bright 
region means the region that is bright in both configurations of polarizers while the dark region means 
that it is dark in at least one configuration of polarizers. It can be seen that bright region is still 
observable for a reasonable proportion after rotating polarizers’ direction and multiplying pictures 
from two directions.  It eliminates the doubt that the dark regions in polarized optical micrographs of 
LCHs are from rods in parallel orientation to one polarizer, and further confirms this biphasic 
structure consisting of an LC phase and an isotropic phase.  
 
Figure ii. Mean squared displacement (MSD) of 5 wt% NCC suspensions. Mean squared 
displacement (<r2>) of 5 wt% NCC suspension at different salinities measured via diffusive wave 
spectroscopy (DWS). A curve with gradient 1 indicates pure diffusional motion, and a plateau 
corresponds to a localization length: the characteristic distance a particle moves before it encounters 
an obstacle. The <r2> value of the plateau represents the scale of the obstacle and provides a 
comparative measure of the network density in gelled systems. The NCC suspension demonstrates 
liquid-like behavior at salinity of 1 mM. The decrease in plateau values with increasing salinity from 
25 to 100 mM, representing increasing network density in agreement with observations in Fig. S3. 
The plateau value of an ideal attractive glass with <r2> << 0.01 L2 where L is the particle size.11 The 
super-diffusion (<r2> ~t1.2~1.5) is observed in liquid crystal suspensions due to the yielding nature of 
nematic phase.12  This diagram indicated the biphasic structure of LCHs in terms of their slow 
dynamics.  
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Appendix D 
 
 
